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Abstract 

Quantification of microstructures and their impact on 

crack formation in rocks 

A new methodology based on monitoring of crack propagation during small-scale 

mechanical tests on sawn rock prisms under tension has been developed. The 

methodology includes a combination of different experimental methods and measuring 

techniques at different scale levels. Material testing is performed through a tensile stage. 

Crack monitoring is performed by means of Digital Image Correlation and Acoustic 

Emission. After the test, microcrack and fracture patterns are studied and quantified in 

thin-sections using fluorescent light under a petrographic microscope.  

By using Digital Image Correlation it is possible to follow crack propagation in relation 

to the microstructure on the surface of the specimen in a detailed way, whereas Acoustic 

Emission offers real-time measurement of the crack activity within the specimen. By 

combining these techniques, it is possible to relate the Acoustic Emission signal 

characteristics to different phases of the cracking process, such as crack initiation, 

propagation and bridging of microcracks into macrocracks as well as the creation and 

localization of the final fracture. After the tensile stage test, crack patterns and the final 

fractures are studied in detail using polarizing and fluorescence microscopy, establishing 

the relationship of these. The methodology is practiced to increase the knowledge of 

critical parameters affecting cracking processes in rock materials and to show how this 

is related to the material's microstructure as well as mesostructure. 
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Preface 
This report presents work conducted in the project “Quantification of microstructures 

and their relation to fracture processes in rock material”, which was supported by the 

Geological Survey of Sweden through grant 36-2030/2015.  
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Summary 
A new methodology based on monitoring of crack propagation during small-scale 

mechanical tests on sawn rock prisms under tension has been developed. The 

methodology includes a combination of different experimental methods and measuring 

techniques at different scale levels. Material testing is performed through a tensile stage. 

Crack monitoring is performed by means of Digital Image Correlation and Acoustic 

Emission. After the test, microcrack and fracture patterns are studied and quantified in 

thin-sections using fluorescent light under a petrographic microscope.  

By using Digital Image Correlation it is possible to follow crack propagation in relation 

to the microstructure on the surface of the specimen in a detailed way, whereas Acoustic 

Emission offers real-time measurement of the crack activity within the specimen. By 

combining these techniques, it is possible to relate the Acoustic Emission signal 

characteristics to different phases of the cracking process, such as crack initiation, 

propagation and bridging of microcracks into macrocracks as well as the creation and 

localization of the final fracture. After the tensile stage test, crack patterns and the final 

fractures are studied in detail using polarizing and fluorescence microscopy, establishing 

the relationship of these. The methodology is practiced to increase the knowledge of 

critical parameters affecting cracking processes in rock materials and to show how this 

is related to the material's microstructure as well as mesostructure. 
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1 Introduction 
With the development of new equipment and techniques, new openings and potential 

arise for detailed studies of cracking processes in different materials. The purpose with 

this report is to present the advanced development of a new methodology that combines 

tensile stage testing of rock specimens with monitoring of cracking processes by Digital 

Image Correlation (DIC) and Acoustic Emission (AE) as well as final petrographic 

examination of cracks and fractures by fluorescent transmission microscopy. The 

methodology enables the visualization of the cracking process within a rock sample, 

linking the cracking and fracturing process to textures and microstructures of the rocks. 

The methodology has been tested on four different granitic rocks of different textures 

and structures, on micro- as well as mesoscale. In this report, which builds on the report 

by Brander et al. (2014), the methodology is exemplified with results from testing of 

Bohus granite specimens, but with a more extensive evaluation of the results. A for this 

study new material, the Svineryd gneiss, was then tested with the updated methodology.  

The development of experimentally induced microcracks was first demonstrated in 

triaxial compression tests (Brace et al. 1966). In the seventies, Merriam et al. (1970) 

showed that tensile strength is related to microstructure and mineralogy, at least in 

crystalline rocks which lack a cementious matrix, and Hallbauer et al. (1973) suggested 

a relationship between cracking processes and rock mechanical properties, also based on 

triaxial compression tests. Hallbauer et al. (1973) demonstrated that the induced 

microcracks mainly were of the intragranular type and parallel or subparallel with the 

direction of maximum principal stress. Later, Eberhardt et al. (1999) managed to 

quantify stress-induced microcracking damage observed in uniaxial compression tests, 

based on a combination of strain gauge measurements and AE monitoring, and 

presented a conceptual model for crack coalescence. Ganne et al. (2007) used AE 

monitoring together with a petrographical analysis of rock slabs to investigate the 

correlation between microcracks and AE and proposed damage evolution models for 

limestone subjected to tensile and compressive stresses. Labuz and Biolzi (2007) 

combined AE localization and optical deformation field measurements to show that 

strength and softening behaviour of sandstone in uniaxial tension, bending and biaxial 

compression experiments are related to the formation of localized microcracks. 

Methodologies for quantification of the cracking process by analysing discontinuities in 

the displacement field obtained by DIC measurements has been proposed by Nguyen et 

al. (2011) and Lin and Labuz (2013). Recently, Zhang et al. (2015) demonstrated the 

strength in combining DIC and AE monitoring to study crack initiation and propagation 

during three-point bending tests on notched sandstone beam specimens and Kao et al. 

(2016) used DIC and AE to monitor damage evolution during the occurrence of surface 

spalling of sandstone. The relationship between cracking processes and physical 

properties of rocks have also been demonstrated by e.g. Kranz (1983), Yukutake (1989), 

Cox and Meredith (1993), Martin and Chandler (1994), Li et al. (1998), Homand et al. 

(2000), Åkesson et al. (2001, 2004), Seo et al. (2002), Heap and Faulkner (2008), Liu 

et al. (2012), and recently also Liang et al. (2015), who further emphasize the strain-rate 

dependency of mechanical properties.  
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Traditional macroscale tests of rock strength generally aim at characterizing and 

comparing different rock types in a standardized way. These methods however, rarely 

shed light on the crack development in relation to the material structure. Often the 

loading situation and specimen geometries are complex, resulting in difficulties 

identifying the contribution of different synchronous deformation processes (e.g. 

compressive loading tests, in which a combination of compression and shearing occur; 

or MicroDeval and Los Angeles tests, in which crushing, abrasion, tension and shearing 

occur simultaneous). New, innovative methods that allow mechanical tests on micro- 

and mesoscale are needed, in which it is possible to isolate different deformation 

mechanisms. One such method emerged from studies on the influence of 

microstructures on the mechanical properties of concrete during shearing (Flansbjer et 

al. 2011). By monitoring the crack formation with DIC and AE measurements, and 

subsequently investigate the crack-microstructure relationships in polished slabs under 

optic microscope, it was possible to study the crack development at different stages 

through the progressive loading, from micro- to mesoscale. In the present paper, the 

method is further developed by applying it to rock specimens exposed to tensile forces 

and adding combined fluorescent and transmissive light microscopy on thin-sections. In 

this way, cracking and fracturing processes (i.e. crack initiation, propagation, bridging 

and the final development of the open fracture) in rock material can be studied in a more 

detailed and definite way. 

As described by Anders et al. (2014), in geologic parlance the term microcrack refers to 

an open discontinuity visible only under magnification, with a length of millimetres or 

less and width generally less than 0.1 mm (typical length of 1 mm and width of 1 μm). 

Populations of these structures typically encompass a wide size range and in some cases 

they form the small-size fraction of fracture arrays that include much larger fractures. In 

this paper, the term microcrack is accordingly used for cracks <0.1 mm and the term 

macrocrack is used for cracks >0.1 mm (Simmons and Richter 1976; Kranz 1983). 

However, the terms crack initiation, crack propagation and crack bridging is used to 

describe specific phenomena’s rather than taking account for the size of the cracks. In 

the same way the term transgranular cracks is used to describe cracks running through 

or along several mineral grains, intergranular cracks describe cracks running along 

mineral grain boundaries and intragranular cracks describe cracks within mineral 

grains (cf. Davis and Reynolds 1996). The term fracture is used to describe the open 

discontinuity stretching across the entire sample, which is regarded as the final product 

of the mechanical test. 

2 Material Description 
Three granitic rocks (Fig. 1) with different textures and structures were used during the 

development of the methodology in the first project: two medium- to coarse-grained 

inequigranular granites (Bohus granite and Flivik granite) and a fine-grained 

equigranular gneissic mesosome of a migmatite of granitic composition (Bårarp gneiss). 

In the second project (reported in this report), the results from the Bohus granite was 

more deeply evaluated. The Bohus Granite was sampled along European highway E6, 

halfway between Oslo and Gothenburg, in southwestern Sweden.  It is inequigranular to 

porphyritic, medium- to coarse-grained, structurally isotropic, and consists of anhedral 
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to subhedral mineral grains (mainly K-feldspar, plagioclase and quartz, with accessory 

biotite, muscovite, chlorite, opaque phases, pumpellyite, epidote, titanite and fluorite). 

In the second project, a fine- to medium-grained equigranular granitoid (Svineryd 

gneiss) (Fig. 1) with a gneissic to cataclastic structure was used to further develop the 

methodology of the first project. The Svineryd gneiss was sampled along road 

Hakarpsvägen (57.799092, 14.338642), in the vicinity of the city Huskvarna, in south 

central Sweden. It is structurally weakly anisotropic and consists of anhedral mineral 

grains of mainly K-feldspar, plagioclase, quartz and biotite, with accessory muscovite, 

chlorite and opaque phases. 

 

    
 

 

     

Fig.  1 Macroscopic images of the granitoid materials used during the development of the 
methodology in the previous and current project; Bohus granite specimen B-51 (upper left), Flivik 
granite specimen B-15 (upper right), Bårarp gneiss specimen B-44 (lower left) and Svineryd gneiss 
specimen S-8 (lower right). Each image is ca 60x60 mm in size. Note the difference in grain size and 
texture between the different materials. 
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3 Experimental Methodology 
The methodology is developed based on the combination of different experimental 

methods and measuring techniques on different levels of scales. Rock specimens are 

subjected to a direct tensile force, at the same time as the cracking process is registered 

by different measurement techniques (DIC and AE). In this way the methodology enables 

the visualization of crack propagation within the samples and the identification of 

different phases in the cracking process. In its final state, the cracks and final fractures 

are microscopically examined, linking the cracking and fracturing process to the textures 

and microstructures of the rocks. 

Recent years have seen a substantial development when it comes to optical full-field 

deformation measurement systems based on DIC. This measurement technique can 

advantageously be used to monitor surface crack formation, as previously shown by e.g. 

Caduff and van der Mier (2010), McCormick and Lord (2010), Flansbjer et al. (2011), 

Nguyen et al. (2011), Sung et al. (2011), Lin and Labuz (2013) and Zhang et al. (2015). 

The basic idea behind DIC is to measure the deformation of the specimen under testing 

by analysing the deformation of a naturally occurring or applied surface speckle pattern, 

in a series of digital images acquired during loading. This is done by tracking the position 

of discrete pixel subsets (facets) of the speckle pattern within the images. DIC can be 

used to measure displacement fields and surface strain fields in both 2D and 3D, and the 

method has proved suitable for the study of rock material, where one is interested in 

studying cracking in a detailed manner. It is possible to follow the propagation of 

individual cracks at the surface long before they are visible to the naked eye, and 

subsequently measure local crack developments with a high accuracy. The method is 

applicable from microscale, by using a microscope, up to macroscale. By using the 

natural speckle pattern of sawn specimen surfaces, cracking and crack growth can be 

monitored in detail in relation to the micro- and mesostructure of the rock material. A 

comprehensive description of the measurement technique can be found in e.g. Sutton et 

al. (2009). 

AE measurement is an appealing technique for monitoring crack and fracture processes 

in rock material, as described by e.g. Grosse and Ohtsu (2008), Hall et al. (2006), Ganne 

et al. (2007), Labuz and Biolzi (2007) and Zhang et al. (2015). The method is based on 

the small elastic stress waves produced by sudden movements in stressed materials, 

caused by e.g. crack growth. A sudden movement at the source triggers the release of 

energy, in form of stress waves, which radiate out through the structure and are recorded 

by sensors at the surface. This type of AE often has very small amplitudes and is in 

principle always of high frequency, typically within the - for AE optimal - range 60–300 

kHz. AE is consequently measured with highly sensitive piezoelectric resonant sensors 

in the ultrasonic range. The key element in an AE resonant sensor is the piezoelectric 

crystal that converts the movements into electrical voltage signals that are sent to a 

measuring computer for further signal processing. Various parameters are used to 

identify the nature of the AE source, including hits, events, counts, duration, amplitude, 

rise-time, energy and frequency. AE monitoring thus offers real-time measurement of 

crack formation and is not limited to a single measuring point, but is volumetric. AE 

monitoring can detect crack initiation as well as crack growth and provides information 

on when damage is accelerating. Furthermore, if an AE signal reaches a number of 



9 

© RISE Research Institutes of Sweden 

sensors and the speed of sound in the material is known, the approximate location of the 

event can be determined. 

A combined fluorescence and transmitted light petrography technique is used for the 

examination of microcracks and fractures in its final state. Although this type of 

fluorescence microscopy has been practiced at least since the 1970’s, it was initially 

developed for quality control of concrete (Wilk et al. 1974, Marshall and Walker 1978). 

In the early 1990s, the method was applied in microscopy of rock materials by several 

authors (e.g. Larbi et al. 1993). Nishuyama and Kusuda (1994) applied the fluorescent 

method for application on rock specimens, in an attempt to resolve the problems with 

identifying microcracks and pore spaces with visible light microscopy. The method was 

intended for polished slabs as well as thin-sections of rock specimens, although the paper 

itself merely demonstrates analysis on polished rock slabs. Chen et al. (1999, 2001) and 

Nishuyama et al. (2002) developed the method further by combining fluorescence light 

petrography with transmitted light microscopy on thin-sections. The fluorescence 

petrography contributes with information about types, distribution and density of 

cracks, whereas the transmitted light petrography provides the mineralogical and 

microstructural context, both necessary keys to the understanding of the cracking 

process. The ability to perform the combined analysis using the same microscope, 

without risking losing the thin-section area of interest by switching microscopes, is 

essential for the success of the method. 

3.1 Direct Tensile Tests 

3.1.1 Preparation of Test Specimens  

For the Bohus Granite, the test specimens were cut with the geometry shown in Fig. 2a 

and 2b, with two different thicknesses t: 5 and 10 mm. Notches 10 mm deep and 5 mm 

wide were cut perpendicular to the surface of the two opposite ends of the prisms. In 

addition, some specimens with only one 10 mm deep and 3 mm wide notch were 

prepared. The Svineryd gneiss specimens were cut with the geometry shown in Fig. 2a, 

with a thickness of 10 mm. Notches 10 mm deep and 3 mm wide were cut perpendicular 

to the surface of the two opposite ends of the prisms. 
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Fig.  2 Geometry of Bohus granite tests specimens (a and b) with two notches and one notch, and 
Svineryd gneiss tests specimens (a) with two notches. 

To make the texture of the rock material more prominent in the images captured during 

the testing, the surfaces of the specimens were polished in a grinding machine before 

testing. The specimen was glued to the upper loading platen ensuring that the face of the 

loading platen and the centre axis of the specimen were as close to perpendicular as 

possible, and that the centre lines of the platen and the specimen coincided. The upper 

loading platen, together with the glued-on specimen, was then bolted to the machine. 

Finally, the lower loading plate, which was already attached to the machine, was glued to 

the bottom of the specimen. The maximum difference in adhesive thickness over the area 

was approximately 0.1 mm. In the initial test series, the crack opening was measured by 

two Crack Opening Displacement (COD) transducers. The steel brackets used to hold the 

two COD transducers in position were mounted on each side of the notches with a fast-

curing adhesive. The distance between the gauge points was approximately 5 mm. A 

more thorough description of the preparation procedure is given in Brander et al. (2014). 

3.1.2 Test Setup and Performance 

The tensile stage test setup consists of different subsystems, as shown in Fig. 3. The 

tensile stage is equipped with two cross beams connected to each other by two high-

precision right- and left-handed roller screws. When the screws rotate, the two cross 

beams move away from/toward each other, symmetrically relative to the centre line. 

Thus the centre of the specimen always remains in the centre of the digital image during 

the entire test. The screws are rotated by a brushless servomotor. The load was controlled 

at a constant rotational speed of 0.22 rpm, corresponding to a relative displacement 

between the cross beams of 0.055 mm/min. 
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Fig.  3 Schematic illustration of the tensile stage test system. 

 

The force F was recorded by a load cell with a maximum capacity of 10 kN and an 

accuracy within 0.25%. The relative displacements between the two cross beams d1 and 

between the two loading platens d2 were measured with LVDT displacement transducers 

with a relative error of less than 1%, and a measuring range of 25.0 and 2.5 mm, 

respectively. In some tests, the displacement was measured locally over the two notches 

by COD transducers, COD1 and COD2, with a gauge point distance of approximately 5 

mm. The COD transducers had a measuring range of 4.0 mm and a relative error of less 

than 1%. The signals from the physical transducers were recorded in a data acquisition 

system with a sampling rate of 10 Hz. A photo of the instrumentation setup is shown in 

Fig. 4. 
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Fig.  4 a) Photo of tensile stage and b) instrumentation of a Bohus granite specimen. 

 

3.2 Methods for Crack and Fracture 

characterization 

3.2.1 Digital Image Correlation 

The crack propagation was registered in a detailed way at the surface of the specimens 

during testing, by 2D measurements on a  micro- and mesoscale, using the optical full-

field deformation measurement system ARAMISTM 4M by GOM. The system uses a 

measurement technique based on DIC and is equipped with two CCD cameras with 4.0 

megapixel resolutions. 

The mesoscale measurement was used to study the cracking process over the entire 

surface of the specimen and the microscale measurement was used to focus on the 

cracking process close to one notch. Initially, DIC measurements were performed either 

on micro- or mesoscale on one side of the specimen, but as the method developed, it was 

possible to perform measurements on both micro- and mesoscale simultaneously. The 

images were captured with a frequency of 6 Hz; at the same time the load (F) and 

displacement (d2) were recorded in the DIC system. 

For the mesoscale configuration, a camera with a 50 mm lens was used and the system 

was calibrated for a measurement area of approximately 65  65 mm2, covering the entire 

specimen surface. To obtain high contrast levels, the specimen was illuminated by a 

white LED light panel. A facet size of 15  15 pixels and a seven-pixel overlap along the 

circumference of each facet were chosen. For the system setup employed, this 

corresponds to a spatial resolution of approximately 0.47  0.47 mm2 and a result grid 



13 

© RISE Research Institutes of Sweden 

resolution of approximately 0.25  0.25 mm2 for the larger measurement area. The 

coordinate measurement accuracy was better than 1 µm. 

With a specific microscopic lens (2x) configuration, the measurement area was 

approximately 7.9 x 7.9 mm2 and illuminated by incident light. A facet size of 20  20 

pixels and a 10 pixels overlap along the circumference of each facet were chosen. This 

corresponds to a spatial resolution of approximately 0.08  0.08 mm2 and a result grid 

resolution of approximately 0.04  0.04 mm2. In this case the coordinate measurement 

accuracy was better than 0.1 µm. 

3.2.2 Acoustic Emission 

An eight-channel Micro-II Digital AE system by Physical Acoustics Corporation was used 

for measuring and analysis of AE. The system basically consists of AE sensors, pre-

amplifiers and a PC for data acquisition, signal processing and analysis.  

For the Bohus granite specimens the AE activity was recorded by one AE sensor (R15) 

placed on the specimen surface opposite to that observed by the DIC system at mesoscale 

(Fig. 3b). The AE sensor had a resonance frequency of 150 kHz. A pre-amplification of 

40 dB and a threshold level of 30 dB or 40 dB were used.  

For the Svineryd gneiss specimens the AE activity was recorded by four AE sensors to be 

able to determine the approximate location of the events by 2D-planer localisation. The 

sensors were placed at the two free edges of the specimen according to Fig. 5. In this case, 

the threshold level was 40 dB and smaller AE sensors (R30) with a resonance frequency 

of 300 kHz were used.  The hit detection parameters were set to: PDT = 100 μs, HDT = 

200 μs and HLT = 200 μs for all tests. At the time of each registered AE event, the load 

(F) and displacements (d2, COD1, COD2) were also recorded in the AE system. 

 

    

Fig.  5 (a) Schematic view of sensor locations and numbering used for the Svineryd gneiss specimens 
and (b) photo of instrumentation. 

 

The wave velocity was determined by automatic sensor test (AST) to approximately 5000 

m/s for the Svineryd gneiss. Some difference in wave velocity was indicated in the 

direction parallel and perpendicular to the foliation. However, the difference was not 

significant, and the velocity variations may also be affected by the local material 

heterogeneity (due to both mineral shape preferred orientation and compositional 

banding). In the 2D-planer localisation, following assumptions are made: the specimen 

thickness is neglected, the wave velocity is uniform and constant (not influenced by 
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heterogeneity or damage). Because of these assumptions, uncertainties are expected in 

the results of the localisation process. To estimate the accuracy of the AE source 

localisation algorithm, pencil lead break tests were performed on two specimens: one 

with the foliation parallel with the notches and one with the foliation perpendicular to 

the notches. Five lead breaks were performed at each of the nine test points, see Fig 6.  

 

 

Fig.  6 Photo of pencil lead break test to estimate the accuracy of the AE source localisation. 

 

The accuracy of the localisation algorithm is estimated by comparing the position of the 

test points with the calculated AE source localisation points as presented in Fig. 7. In 

average, the accuracy of the source localisation is within 1 mm and the scatter is within 

0.5 mm for the nine test points. This also includes the uncertainty in the position of the 

sensors and lead break. The accuracy of the localisation is considered to be sufficient for 

the purpose of the study. 

 

 

Fig.  7 Results from pencil lead break test for specimen with (a) foliation parallel with the notches 
and (b) foliation perpendicular to the notches. The lead break points are marked with blue crosses, 
the AE source locations with red squares and the sensor locations with green squares. 
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3.2.3 Micro- and Mesoscale Petrographic Image Analysis 

After the tensile stage test, a large (c. 60 x 60 mm2) thin-section along with a 

corresponding slab, was prepared from all tested specimens. The thin-section and its 

corresponding slab were impregnated with fluorescent epoxy and covered almost the 

entire fractured specimen surface. The slab and thin-section were photographed and 

examined using reflective and polarizing microscopes, respectively. The polarizing 

microscope can be switched to reflective near UV light, enabling taking photos of thin-

section were the fluorescent epoxy is activated, enhancing cracks and other cavities. The 

combined fluorescence and polarizing light microscopy enables detailed studies of the 

relationship between microcracks and the mineralogy and microstructure of the rock 

sample. 

Interactive and automated image analyses of micro cracks and textural parameters were 

performed using the microscope software Leica Application Suite.  

For the Bohus granite specimens, a mosaic of images covering the whole thin-section was 

retrieved from a large number of individual images with the image size 2.5 x 1.9 mm and 

a resolution of 1280 x 960 pixels. The result is a mosaic image of very high resolution, 

covering the entire specimen and allowing for detailed analysis ranging from mesoscale, 

where the full length of the tensile fracture is envisaged, to microscale where 100-200 x 

magnification allows for the differentiation of grains as small as 0.02 mm. Quantitative 

analyses were performed on 5 x 5 mm subareas throughout the thin-sections (Fig. 8). A 

total number of 18 subareas per thin-section were used for quantitative microcrack 

analyses. In each square, microcracks were measured along two traverses, yielding a total 

length of 10 mm, in each direction. Each microcrack crossing the traverses was measured 

with regards to its length, orientation (the angle in relation to the notch(es)/loading 

platens) and type (transgranular, intergranular or intragranular crack). The orientation 

of the microcracks were analysed in Stereonet 9 (Allmendinger et al. 2013; Cardozo and 

Allmendinger 2013) and plotted as rose diagrams, in which each bin represents the 

percentage of cracks in a given direction for that specific set of data. Data is treated as 

axis, with center bin on zero, bin size 5° and a perimeter max value at 30%. 

For the Svineryd gneiss specimens, an automated stage connected to the microscope was 

used to photograph mosaic images covering the entire thin-sections. The result is the 

same as for the Bohus specimen mosaic images mentioned above, but the retrieving of 

mosaic images is far more user friendly and time efficient. The automated stage also 

enables the individual images that make up the final mosaic image to have a higher 

resolution. The individual images are 2.49 x 1.87 mm and have a resolution of 2560 x 

1920 pixels. Using these mosaic images, photographed under polarized, crossed 

polarized and fluorescent light, quantitative analyses of microcracks were performed 

along a total of six traverses divided in two directions. Three traverses ran parallel to the 

foliation of the sample, and the traverses ran vertical to the foliation (Fig. 8), with a total 

length of at least 100 mm in both directions. Along each traverse, the number and type 

(transgranular, intergranular or intragranular) of microcrack crossing the traverse was 

noted.  
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Fig.  8 Methods used for assessment of microcrack frequency in Bohus granite specimen (left) and 
Svineryd gneiss specimen (right). The images are both ca 60 x 60 mm.  

 

The mineralogical composition, grain size, foliation index (FIX), grain boundary 

complexity and the extent of alteration of the Bohus and Svineryd materials were all 

quantitatively assessed in accordance with the methods described in Hellman et al 

(2011). The mineralogical composition of the material was determined by point counting 

in thin sections under a polarizing microscope, were at least 500 points were counted 

along traverses covering the thin section of the material. For Bohus and Svineryd 

specimen, at least 1000 points were counted. The results are displayed in percent of 

counted points per mineral type. The grain size and grain size distribution of the material 

was determined by measuring the size of mineral grains along several traverses evenly 

distributed over the thin section of the material (Fig. 9). At least 200 mineral grains were 

measured for each material using an image analysis software. The results are presented 

in a cumulative distribution curve along with the mean grain size of the material. In order 

to quantitatively determine the mineral orientation in the materials, a foliation index 

(FIX) value was obtained by counting the number of grain boundaries along lines of fixed 

lengths, evenly distributed over the thin section of the material, parallel and vertical to 

the foliation (Fig. 9). In total, the length of analysis should be at least 100 mm, somewhat 

depending on the grain size and heterogeneity of the material. The FIX value is then 

determined by dividing the number of grain boundaries vertical to the foliation with the 

number of grain boundaries parallel to the foliation. A FIX less than 1.10 represents an 

isotropic material, and a FIX more than 1.80 a heavily foliated material. The amount of 

interlocking and the complexity of the grain boundaries in the material has been graded 

according to Fig. 10, meaning that a qualitative assessment is translated into a 

quantitative value. The grading is done on a scale from 1-5, with steps of 0.5, where a 1 

on the scale represents a straight grain boundary and a grade 5 represents very much 

interlocking and complex grain boundaries.  
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Fig.  9 Methods used for assessment of grain size and grain size distribution (left) and foliation index 
(right) in Bohus granite and Svineryd gneiss material. Left image from Hellman et al. (2011). Left 
image is ca 1.4 x 1.1 mm, right image ca 5.5 x 3.7 mm. 

 

 

 

Fig.  10 Reference scale for evaluation of grain boundaries. Figure modified from Hellman et al. 
(2011). 
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4 Results and Interpretation for 

Bohus Granite Specimens 
The majority of the small-scale tensile tests were performed on specimens with two 

notches in order to verify the repeatability of the methodology. The repeating tests were 

also used to successively develop and verify the test method and measurement methods. 

In addition, tests on specimens with only one notch were performed and a total of 10 

specimens from the Bohus Granite were tested (Table 1). The thickness t, width B and 

area A specifies the geometric properties of the cross section at the location of the 

notch/notches. 

Table 1 Summary of test program for Bohus Granite 

Specimen Thickness 
t [mm] 

Width 
B [mm] 

Area 
A [cm2] 

DIC AE1) 
[dB] 

Micro-
scopy 
analysis2) 

Nominal 
peak stress 
σt,max [MPa] 

CMOD at 
σt,max 3)

 

[μm] meso micro 

Two notches         

B-1 4.76 43.14 2.05 X    
 

4.5 9 

B-2 5.12 44.52 2.28 X  40  4.4 9 

B-3 4.97 44.21 2.20 X  40  4.9 10 

B-4 5.56 44.59 2.48 X  40 a, b 4.6 11 

B-5 5.06 43.81 2.21  X   4.7 - 

B-6 5.85 43.02 2.52  X 40 a, c 5.0 - 

B-7 5.15 44.38 2.29  X 40 b 5.6 - 

B-8 5.19 44.53 2.31  X 40  4.3 - 

       Avg. 4.8 9.7 

       Std. 0.4 1.0 

One notch         

B-51 9.38 57.28 5.37 X X 30 a, b 5.0 15 

B-52 9.33 53.07 4.95 X X 30  4.2 14 

       Avg. 4.6 14.5 

       Std. 0.4 0.7 

1) The number specifies the threshold value used in the AE measurements. 

2) a = qualitative fracture analysis, b = quantitative microcrack analysis presented in this report, c = 

quantitative microcrack analysis presented in Brander et al. 2014. 

3) Crack opening displacement determined from DIC measurements at nominal tensile peak stress. 

A selection of the results is presented in this section, illustrating the potential, as well as 

the experimental and technical aspects of the method. The DIC measurements are 

presented as (1) major strain contour plot overlaid on the specimen to visualize the crack 

formation and (2) crack opening displacements to quantify the crack, whereas the AE 

activity is presented as plots of tensile stress vs. cumulative number of hits and tensile 

stress vs. cumulative energy. This gives an indication of crack initiation and crack 

intensity. Observe that all DIC images at microscale have been mirrored with respect to 

the vertical axis to facilitate comparison with DIC images at meso- and microscale 

analyses of the tensile fracture. Further, unless otherwise stated, in the descriptions 
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fractures are described as emerging into a notch rather than starting in one, in order to 

maintain neutrality on where fractures actually were initiated. 

 

4.1 Direct Tensile Test  

4.1.1 Specimens with Two Notches  

In the first test series of the Bohus Granite, the DIC measurements were performed either 

at meso- or microscale on a particular specimen, not both simultaneously (Table 1). For 

the later test series, when the test method was further developed, DIC measurements 

were accomplished on a meso- and microscale simultaneously, allowing more 

comprehensive crack propagation studies through the comparison of the two 

dimensions. 

The tensile stress-CMOD relationships for specimens B-1 to B-4 are presented in Fig. 11a. 

The value of CMOD was calculated as the mean value of two “virtual” extensometers 

defined over the notches in the DIC measurements at meso scale. The stress is calculated 

as the applied load F divided by the nominal notch area A. The results show a rather good 

correspondence in the stress-CMOD relations between specimens B-1 to B-4, both in the 

ascending and the descending branch. For specimens B-5 to B-8, the DIC measurements 

were only performed directly under the microscope and consequently CMOD 

measurements at meso scale were not possible. The average nominal tensile peak stress 

σt,max for the eight tested Bohus Granite specimens is about 4.8 MPa (Table 1). The mean 

crack opening displacement at nominal tensile peak stress determined from DIC is 

presented in Table 1. 

 

 

 

Fig.  11 a) Tensile stress vs. CMOD for Bohus Granite specimens B-1, B-2, B-3 and B-4 (with two 
notches). b) Stress vs. cumulative number of hits for B-2, B-3 and B-4. 

 

The AE activity during the test of B-2, B-3 and B-4 is presented as tensile stress vs. 

cumulative number of hits (Fig. 11b). The results show a rather good correspondence in 
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activity between the different specimens. Interesting is also the similarity in shape 

between the stress to hits relations and stress to CMOD relations presented in Fig. 11a. 

The number of hits is low in the initial part of the loading. The first activity was registered 

between 0.7 and 1.2 MPa for all specimens. At a stress level of approximately 90% of peak 

stress, the activity increases rapidly for specimens B-2 and B-4, while the increase is 

more moderate for specimen B-3. After peak stress there is a vertical drop in cumulative 

number of hits, but at around 1.5 MPa it smoothens out into a descending branch.  

Fig. 12 shows major strain overlay plots at different times of the load history for specimen 

B-4. In Fig. 12b the position of the two virtual extensometers denoted “CMOD 1” and 

“CMOD 2” are marked. During the initial linear part of the stress-CMOD relation, 

localised deformations successively appear, scattered over the specimen but primarily 

between the two notches. As stated above, the AE activity is very low in this first part of 

the loading history. A distinct localisation of deformations arises at the right notch at a 

stress level of approximately 3.0 - 3.5 MPa. At this stage, the deformations are more likely 

representing a fracture process zone consisting of micro cracks, rather than an actual 

crack. From a stress level of approximately 4.2 MPa, this fracture process zone starts to 

develop more rapidly due to an increasingly intense bridging and true crack formation, 

hence successively forming a crack. Both these events seem to be indicated in the AE-

activity as more or less distinct changes in the stress-hits relation for B-4 (Fig. 11b).  
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Fig.  12 Bohus Granite specimen B-4 at mesolevel: a) surface image and major strain overlay at b) 
3.5 MPa (green line - virtual extensometer), c) 4.0 MPa, d) 4.6 MPa (maximum stress), e) 3.4 MPa 
(descending) and f) 0.8 MPa (descending). The white line indicates the final fracture. 
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As demonstrated, strain fields can clearly highlight even small discontinuities at the 

surface of the specimen. However, in reality the strains across a strong discontinuity 

related to a crack are infinite, which means that a crack cannot be properly described in 

terms of strain (Nguyen et al. 2011). Instead, the crack opening and crack path can be 

quantified by analysing the displacement discontinuities associated with a crack. Fig. 13a 

presents the vertical displacement (y-displacement) contours for specimen B-4 after 

formation of the final fracture. Details of the displacement profiles along the vertical 

sections close to the left notch (LS) and the right notch (RS), shortly after peak stress 

(stage 3, Fig. 14a), are shown in Figs. 13b-c. The crack opening displacement is the 

displacement difference between the two crack faces, which approximately corresponds 

to the displacement jump in the two vertical section line profiles of the y-displacement. 

Hence, for this particular stage, the crack openings at the left and right notch can be 

determined to approximately 8 and 14 µm, respectively. The position of the crack path is 

the mid-point between the crack faces, which in this case corresponds to y= 25 mm at 

the left notch and y=31 mm at the right notch. 

 

Fig.  13 a) Vertical displacement contours for specimen B-4 after formation of final fracture. 
Displacement profile along vertical sections close to b) left notch (LS) and c) right notch (RS), shortly 
after peak stress (stage 3). 

 

Fig. 14a shows tensile stress vs. time for specimen B-4 with the selected loading stages 

indicated by numbers and Fig. 14b shows the crack opening displacements continuously 

along the final fracture path at the different selected stages (1 to 6) highlighted in the 

stress-time relationship. According to Lin and Labuz (2013), any DIC measurement of 

crack displacement must involve a certain width since no ideal crack exists, i.e. the actual 

crack faces cannot be resolved by DIC. Furthermore, the correlation of facets crossing 

the fracture will be affected by the image distortions caused by the formation of the crack 

itself and associated micro cracking in its vicinity (Nguyen et al. 2011). This introduces 

errors in the measurement close to the crack faces. Therefore, the continuous crack 

opening displacement was evaluated a short distance from the actual fracture path (± 1 

mm), as indicated by the two lines denoted “Crack l” and “Crack u” in Fig. 13a. Hence, 

the measured crack opening profile is not exactly the opening between crack faces but is 

a good approximation as the displacements are more or less constant near the crack. 

Development of more sophisticated methods to automatically detect cracks and evaluate 

crack displacements can be found in e.g. Nguyen et al. (2011) and Fagerholt et al. (2013). 
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Fig.  14 a) Tensile stress vs. time for specimen B-4 with the selected loading stages indicated by 
numbers. b) Crack opening displacement along the path of the final fracture at different loading 
stages. 

 

From the crack opening profiles in Fig. 14b, it is possible to determine the development 

of the fracture opening as well as the length propagation. Some disturbances are 

introduced in the measurements at locations where secondary cracks branches out from 

the main fracture path, as can be observed in Fig. 12. The fracture process zone that 

develops at the right notch before peak stress, as described above, has a maximum 

opening displacement of approximately 4 µm and a length of 10-13 mm at loading stage 

1. The opening displacement increases to approximately 11 µm from stage 1 to peak stress 

at stage 2, while the tip position of the process zone remains more or less the same. An 

indication of small localized deformations can also be observed at the left notch before 

peak stress is reached. Soon after peak stress, a crack emerges at the left notch and both 

these cracks propagate towards the middle during the descending branch. From stage 4, 

the crack opening displacements are similar at the left and right notch. The crack 

propagation terminates as the left and the right cracks bridges into the final fracture 

(Figs. 12f and 13). As the prolongation of the fracture spreading from the right notch is 

extending the crossing of the two fractures, it is suggested that the 45° fracture path 

linking the two fractures, is proceeding from the fracture propagating from the left. The 

propagation of cracking at the later stage (fast cracking associated with the descending 

branch) can thus be studied in detail along this 45° crack section. Table 1 gives a 

summary of the opening displacement at peak stress, i.e. the onset of unstable crack 

propagation for the tested specimens. 

4.1.2 Specimens with One Notch 

This test series was performed on specimens with one notch. The main idea of using one 

notch was to study the crack initiation and propagation simultaneously on the mesoscale 

and microscale. The tensile stress-CMOD relationships and results from the AE 

measurements for specimens B-51 and B-52 are presented in Fig. 15. The average 

nominal tensile peak stress of the two tests was 4.6 MPa, which is in the same range as 

for the specimens with two notches (Table 1). 
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Fig.  15 Results of Bohus Granite specimens B-51 and B-52 (with one notch): a) stress vs. CMOD 
and b) stress vs. cumulative number of hits up to maximum stress. 

 

Results from the DIC measurements are presented at meso- and micro levels for B-51 in 

Figs. 16 and 17. By using the DIC, it is possible to distinguish small areas of localized 

deformation (microcracks), evenly distributed all over the monitored area, from a stress 

level of approximately 1 MPa. These scattered microcracks mainly develop at pre-existing 

cracks, flaws (e.g. cavities and minute mineral inclusions), as well as along cleavage 

planes (intragranular cracks) and grain boundaries (intergranular cracks). As the stress 

level increases, both the number and size of microcracks increase, forming transgranular 

cracks, which is consistent with the increasing AE activity. The crack distribution also 

becomes denser closer to the notch. As can be seen in Fig. 15b, there is an apparent 

increase in hit rate in the stress range between 3-4 MPa. At this stage, microcracks 

progressively grow and by bridging they interact with each other. This can also clearly be 

seen in Fig. 17 showing the micro scale DIC measurements close to the notch. From a 

stress level of approximately 3.5 MPa, the cracking is primarily localized to a fracture 

process zone close the notch. As the loading continues, this process zone evolves and 

propagates through the specimen, successively forming the main crack.  
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Fig.  16 Bohus Granite specimen B-51 at mesolevel: a) surface image and major strain overlay at b) 
2.0 MPa (green line - virtual extensometer), c) 3.0 MPa, d) 4.0 MPa, e) 5.0 MPa (maximum stress) 
and f) 2.0 MPa (descending). The white line indicates the final fracture. 
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Fig.  17 Bohus Granite specimen B-51 at microlevel: a) surface image and major strain overlay at b) 
2.0 MPa, c) 3.0 MPa, d) 4.0 MPa, e) 5.0 MPa (maximum stress) and f) 4.8 MPa (descending). The 
image-size is 7.9 x 7.9 mm2. 
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Fig. 18a presents the vertical displacement (y-displacement) contours for specimen B-51 

after formation of the final fracture and Fig. 18b the displacement profiles along the 

vertical section close to the notch at three different loading stages (Fig. 19a). The crack 

opening displacement was also evaluated continuously along the final fracture path 

between the two lines denoted “Crack 1 l” and “Crack 1 u” (Fig. 18a), in the same way as 

described earlier for the specimen with two notches. Fig. 19b shows the crack opening 

displacement profile at different selected loading stages (1-6 as highlighted in the stress-

time relationship in Fig. 19a). Some variations are observed in the crack opening profile 

due to smaller secondary cracks branching out from the main fracture path. However, it 

clearly illustrates how the main crack emerges from the notch and propagates towards 

the left as the loading progresses. 

 

Fig.  18 a) Vertical displacement contours for specimen B-51 after formation of the final fracture. b) 
Displacement profile along vertical section close to the notch at three different loading stages. 

 

 

 

Fig.  19 a) Tensile stress vs. time for specimen B-51 with the selected loading stages indicated by 
numbers. b) Crack opening displacement along the path of the final fracture at different loading 
stages. 

 

As shown in Fig. 18b, the displacement profile is rather smooth before peak stress at 

stage 1, without any clear displacement jump. Instead, the process zone is characterised 
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by a larger displacement gradient over a distance estimated to approximately 3 mm, 

representing the width of the process zone. Outside of the process zone the displacement 

gradient follows an elastic response. The total deformation of the process zone is 

approximately 5 µm at this stage. Furthermore, the length of the process zone can be 

estimated to approximately 7 mm from the crack opening profile in Fig. 19b. The 

microscale DIC-measurements confirms that the deformation in the process zone at this 

stage comprises opening of several microcracks (Fig. 17d).  

As described earlier, the displacement discontinuity becomes much more obvious after 

a crack has been formed, with a larger displacement gradient and a more narrow 

influence area, i.e. a clear jump in the displacement profile as can be observed at stage 2 

and stage 3 in Fig. 18b. At peak stress (stage 2), the crack opening displacement at the 

notch is approximately 15 µm and the length of the crack and process zone is 

approximately 10 mm (Fig. 19b). However, there is also an indication of localized 

deformations between the crack path positions 31 and 46 mm. After peak stress, the 

cracking process becomes unstable and the main crack advances rapidly (Fig. 19b). 

Shortly after peak stress at stage 3, the crack opening displacement and crack length have 

increased to approximately 29 µm and 30 mm, respectively. Detailed observations at the 

microscale (Fig. 17e) show that deformations at the surface, close to the notch, primarily 

are localized into two distinct cracks at peak stress. Before peak stress these two cracks 

are not fully connected as they are arrested at the boundary between two larger mineral 

grains. After peak stress, the crack starting at the notch quickly propagates through a 

feldspar grain and coincides with the other crack (Fig. 17f).  

Due to the scalable nature of DIC measurements, the cracks can be studied both with 

higher spatial resolution and higher displacement accuracy at the microscale compared 

to the mesoscale. Fig. 20a presents the vertical displacement (y-displacement) contours 

at microscale for specimen B-51 at peak stress and Fig. 20b show the displacement 

profiles along the vertical section close to the notch at the loading stages 1 to 3 defined in 

Fig. 19a. As before, cracks are represented by a discontinuity in the displacement profiles. 

As can be seen there is a very small noise in the displacement measurements and even 

individual microcracks are reflected in the displacement profile. Furthermore, it can be 

concluded that the local measurement of the crack opening displacement at the 

microscale (Fig. 20b) corresponds well with the crack opening displacement measured 

at mesoscale (Fig. 18b) discussed earlier.  

 



29 

© RISE Research Institutes of Sweden 

 

Fig.  20 a) Vertical displacement contours at microscale for specimen B-51 at peak stress. b) 
Displacement profile along vertical section close to the notch at three different loading stages. 

 

Besides the main crack that has been discussed so far, a second crack is developed. The 

major strain overlay plots (Fig. 16d-e) indicate vast displacements near the top left corner 

(along the c. 20 mm crack/fracture (white line) above the main fracture). This crack 

starts with the formation of localized deformations around peak stress (Fig. 16e) and 

shortly after it develops into a crack that propagates towards the right (Fig. 16f). The 

crack path can be identified between the two lines “Crack 2 l” and “Crack 2 u” shown in 

the displacement contour plot in Fig. 18a. 

4.2 Petrographic Analysis  

A detailed petrographic analysis was carried out, according to methods for quantitative 

analysis of textural and structural parameters described by Hellman et al (2011), on the 

corresponding thin section of Bohus granite specimen B-7. This specimen has not been 

subject to the direct tensile stress test. The Bohus granite is inequigranular to 

porphyritic, medium- to coarse-grained, structurally isotropic, and consists of anhedral 

to subhedral mineral grains of mainly K-feldspar, plagioclase and quartz, with accessory 

biotite, muscovite, chlorite, opaque phases, pumpellyite, epidote, titanite and fluorite. 

Fig. 21 shows detailed microscopic images from the sample. Thin sections corresponding 

to Bohus granite specimen B-4 and B-51, both of which have been subject to the direct 

tensile stress test, have also been petrographically analysed. For these specimens, the 

analysis only comprised microcrack frequency, microcrack distribution and 

characterisation of the main fracture resulting from the direct tensile stress test. The 

general petrographic characteristics, such as mineralogy, grain size and structure, of B-

4 and B-51 correspond to those of specimen B-7. 
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Fig.  21 Detailed image of the Bohus granite specimen B-7 in plane polarized (left) and cross 
polarized (right) light. The images are 21 x 21 mm in size.  

The mineralogical composition retrieved from thin section point counting of the Bohus 

granite specimen B-7 is presented in Table 2. A total of 1094 mineral grains were counted 

along multiple traverses covering the entire thin section. The Bohus granite is dominated 

by feldspars (plagioclase and K-feldspar) and quartz. Minor amounts of biotite, 

muscovite, chlorite and opaque phases are also present.  

Table 2 Mineralogical composition of the Bohus granite sample B-7 retrieved by thin section point 
counting.  

Mineral Points Volume-% 
Measurement uncertainty 

± volume-% 

Feldspar 693 63 2.9 

Quartz 331 30 2.7 

Biotite 44 4 1.2 

Muscovite 13 1.2 0.6 

Chlorite 1 0.1 0.2 

Opaque phases 12 1.1 0.6 

 

The results from the grain size analysis of the Bohus granite specimen B-7 (Fig. 22), 

carried out in accordance with Hellman et al. (2011), show that the Bohus granite has a 

mean grain size of 1,6 mm, which classifies it as medium grained (1-5 mm). The smallest 

measured grain size is 0.04 mm and largest measured grain size 11.9 mm, revealing that 

the specimen can be considered inequigranular.   
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Fig.  22 Grain size distribution curve from Bohus granite specimen B-7. The vertical black lines 
represent the limits for fine (<1 mm), medium (1-5 mm) and coarse (>5 mm) grained material. 
Specimen B-7 is dominated by medium sized grains (ca 61%).  

The result from the foliation index (FIX) analysis on specimen B-7 was FIX 1.13 (see 

Table 3). According to values given in Hellman et al. (2011), this represents a grade of 

foliation of 2 on a 5-degree scale. A grade 2 on the scale represents a FIX value of 1.10-

1.30. Values of FIX 1.0-1.10 equals a grade 1 on the scale (massive/isotropic structure), 

while a FIX >1.8 equals a grade 5 on the scale (heavily foliated). The Bohus granite is 

therefore classified as weakly foliated, according to these results.   

 

Table 3 Foliation index of the Bohus granite specimen B-7. 

Specimen B-7 Grain boundaries FIX 

Horisontal  
(perpendicular apparent foliation) 

112 

1.13 

Vertical  
(parallell apparent foliation) 

99 

 

A qualitative assessment of the grain boundaries grade of intergrowth and the grade of 

alteration in the material has been done for the Bohus granite specimen B-7, following 

Hellman et al (2011) (Fig. 10). The grain boundaries in the specimen are partially straight 

and partially interlocking, and in accordance with Hellman et al (2011) the grade of 

intergrowth is given a grade 2.0 on a scale 1-5. A grade 1 on the scale represents straight 

and non-interlocking grain boundaries, while a grade 5 represents grain boundaries that 

are very lobate and interlocking. The assessment is done with steps of 0.5 The extent of 

alteration in the material has also been graded on a scale 1-5, in comparison with results 

obtained by Lindström (2016). In specimen S-8, the alteration corresponds to a grade 

2.5 on the 1-5 scale. A grade 1 on the scale represents no alteration at all, while a grade 5 

represents a heavily altered material. The assessment is done with steps of 0.5 here as 

well.             
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The combined fluorescence and polarizing images are presented in Fig. 23-24. The 

brightness of the fluorescence image was highly increased in sample B-4, to ensure that 

the existing microcracks were properly visualized in the combined image. Hence, the 

overexposed image explains the spectacular brightness of the main fracture (Fig. 23). 

 

Fig.  23 Bohus Granite specimen B-4 with two notches. Photomicrographs prepared by combining 
photo mosaics taken under crossed polarizers in petrographic microcope, with photo mosaics taken 
under fluorescent light. The complete fracture image is 60 x 54 mm2 in size. The final fracture (with 
branches) and notches are emphazied by the green fluorescent epoxy. White squares show areas 
used for quantitative micro crack analyses (areas in left column labelled “1 “, areas in middle column 
labelled “2”, areas in right column labelled “3” and areas further labelled A to F from the top). 
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Fig.  24 Bohus Granite specimen B-51 with one notch. Photographs prepared by combining photo 
mosaics taken under crossed polarizers in petrographic microcope, with photo mosaics taken under 
fluorescent light. The complete fracture image is 68 x 54 mm2 in size. The final fracture (with 
branches) and notches are emphazied by the green fluorescent epoxy. White squares show areas 
used for quantitative micro crack analyses (areas in left column labelled “1“, areas in middle column 
labelled “2”, areas in right column labelled “3” and areas further labelled A to F from the top). 

Microscopy analysis showed that the main fractures developed perpendicular to the 

tensile stress vectors, which coincides with the direction of the notches (Fig. 23-24). At 

the notches, the fractures generally emerge at or close to the corner of the notches, and 

not in their central parts. In sample B-4, with two notches, one fracture from respective 

notch have propagated c. 15 mm towards the middle (perpendicular to the tensile stress 

vectors) and then these fractures meet along a c. 20 mm long fracture at a c. 45°angle in 

the middle. 

In B-4, the main fracture emerges in feldspar at both notches, whereas B-51 shows a more 

complex pattern. Thin-section as well as DIC meso-images, demonstrate that the fracture 

emerges near the lower corner of the notch, whereas in the DIC micro-images (from the 

opposite side of the tensile test specimen), the fracture emerges in the centre of the notch. 

The combined thin-section microscopy and DIC images show that the main fracture of 

B-51 is initiated close to the notch (a few mm to the left or the lower corner), but during 

the propagation/bridging towards the notch, the fracture branches around a biotite 

grain, which is presumed to work as an energy barrier - due to its slightly inclined 

cleavage planes (with respect to the direction of propagation) - forcing the fracture 

through quartz-grains of lesser strength and then spreading within and along the grain 
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boundaries of a k-feldspar grain in a network and emerging at the notch as at least four 

different cracks. 

Along the c. 20 mm long crack section occurring at 45° and connecting the two 

subparallel fractures in B-4, it is evident that the direction and stress release towards the 

right crack govern the crack path to a greater extent than in the two notch-parallel crack 

sections, yielding an even more pronounced and angular zig-zag pattern, with several 

steps even within individual mineral grains (feldspar and quartz). In the two notch-

parallel crack sections, the fracture path would rather be described as smooth and 

undulating. 

The characteristics of the two notch-parallel crack sections of specimen B-4 is similar to 

that of the main fracture of specimen B-51 (with one notch). The irregular and curved 

pattern is related to the mineralogy of the specimens. Cracks dominantly run through 

feldspar (predominantly along its cleavage planes). This is particularly pronounced in 

Fig. 24, where a c. 10 mm long crack c. 15-20 mm above the main fracture (running from 

the edge and towards the middle white square “1B”) is running along the cleavage planes 

of feldspars (starting as an intragranular, but propagating into a transgranular crack). 

Within quartz the cracks generally have more rugged edges and curved paths (Fig. 24), 

whereas cracks are observed running both through (marked as intragranular, running 

along the {001} cleavage, Fig. 2b5) and along the grain-boundaries of biotite (marked as 

intergranular, Fig. 25b). These cracks are governed by the pronounced cleavage of biotite 

and thereby either straight or zigzag-shaped. Occasional opaque minerals are generally 

cut straight through by the fracture. 

 

Fig.  25 Bohus Granite specimen B-6 with two notches. a) Photographs taken under crossed 
polarizers and b) plane light with petrographic microcope. The image-size is 10.8 x 8.2 mm2. 
Examples of intragranular fracture within biotite grain and intergranular fracture path passing 
along the grain boundary of biotite. Transgranular fractures are combined fractures, consisting of 
several  inter- and intragranular fractures. 

Microcracks occur frequently and evenly distributed over the entire thin-sections (Fig. 

23-24 and 26-27). All types of microcracks occur, although the number of intergranular 

cracks (grain-boundary cracks) is somewhat higher in B-51 (Fig. 28-29). Although the 

DIC results suggest an active fracture process zone (see also Janssen et al. 2001, Nasseri 

et al. 2006), the photomicrographs of the unloaded samples, show no such signs. Hence, 

these were probably closed during the unloading. Microcrack quantification and rose 

diagrams merely indicate an even distribution of microcracks throughout the samples 
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(Fig. 26-29). This may be explained by the brittle properties/characteristics of the Bohus 

granite. 

 

Fig.  26 Microcrack distribution in Bohus Granite specimen B-4 with two notches. The rose 
diagrams plot the orientation of fractures, where each bin represent the percentage of cracks in a 
given direction in that specific set of data. Data is treated as axis, with center bin on zero, bin size 5° 
and a perimeter max value at 30%. Each set belong to the areas labelled 1A to 3F, as described in 
Fig. 14. Crack set colours represent the distance from the final fracture, where green are closest 
(areas labelled C-D), orange in the middle (areas labelled B and E), and red are further most away 
(areas labelled A and F). 
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Fig.  27 Microcrack distribution in Bohus Granite specimen B-51 with one notch. The rose diagrams 
plot the orientation of fractures, where each bin represent the percentage of cracks in a given 
direction in that specific set of data. Data is treated as axis, with center bin on zero, bin size 5° and 
a perimeter max value at 30%. Each set belong to the areas labelled 1A to 3F, as described in Fig. 
14. Crack set colours represent the distance from the final fracture, where green are closest (areas 
labelled C-D), orange in the middle (areas labelled B and E), and red are further most away (areas 
labelled A and F). 
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Fig.  28 Microcrack frequency in Bohus Granite specimen B-4 with two notches. Top: the total 
number of microcracks and the total length of microcracks in each square (labelled 1A to 3F as 
described in Fig. 14). Bottom: Frequency of respective crack type. 
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Fig.  29 Microcrack frequency in Bohus Granite specimen B-51 with one notch. Top: the total 
number of microcracks and the total length of microcracks in each square (labelled 1A to 3F as 
described in Fig. 14). Bottom: Frequency of respective crack type. 
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The grain size of specimen B-7 has also been determined by using image analysis 

according to Lindström (2016). In this method, mosaic images captured with a 

microscope from the B-7 thin section was used in combination with an image analysis 

software (Photoshop CS6). Images were captured with plane polarized and polarized 

light. In Photoshop CS6, all individual grains within a given area were identified and 

highlighted. The resulting image (left image in Fig. 30) was then analysed in the image 

analysis software ImageJ (right image in Fig. 30) in order to retrieve information 

regarding the materials grains size, grain size distribution and mineral orientation. A 

total of 1517 mineral grains were analysed in specimen B-7. The results obtained from 

the grain size analysis show that the mean grain size is 0.84 mm, maximum grain size 

11.29 mm and minimum grain size 0.04 mm (Fig. 31). In comparison with the grain size 

distribution results obtained from using the methods described in Hellman et al. (2011), 

the minimum grains size (both 0.04 mm) and maximum grain size (Lindström 11,29 

mm; Hellman 11.9 mm) coincide very well. The mean value differs a whole lot more, with 

0.84 from the Lindström (2016) method results and 1.6 mm from the Hellman et al. 

(2011) method results. This is due to that the fine fraction (<1 mm) is larger from the 

Lindström (2016) method, with 40% of the total number of grains compared to 10% of 

the total grains from the Hellman et al. (2011) results.  

Mineral orientation, or Alignment factor, is a value representing the foliation of the 

material. A factor 0 represents a massive texture and a factor 1 a perfectly foliated rock. 

As the material in specimen B-7 obtained an alignment factor of 1.12 it is therefore 

considered to have a massive texture.  

  

     

Fig.  30 Images of specimen B-7. Left image, with a polarized image from the B-7 thin section, 
displays the results after highlighting of all individual grains (red with black borders) in image 
analysis software Photoshop CS6. The right image represents the same area of the B-7 thin section 
as in the left image, but after measurement in the image analysis software ImageJ. The left image is 
ca 60x60 mm. 
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Fig.  31 Grain size distribution curve from Bohus granite specimen B-7, obtained by method 
described in Lindström (2016), compared with the grain size distribution results obtained by 
method described in Hellman et al. (2011). The vertical black lines represent the limits for fine (<1 
mm), medium (1-5 mm) and coarse (>5 mm) grained material. The results from the Lindström-
methodology (2016) show that specimen B-7 is dominated by medium sized grains (ca 53%), 
followed by fine grained material (ca 40%). 

5 Results and Interpretation for 

Svineryd Gneiss Specimens 
The Svineryd gneiss was tested with the foliation in two different orientations with 

respect to the expected crack direction (Fig. 32): parallel (0°) and perpendicular (90°). 

The tests were performed on specimens with two notches: four tests for each of the two 

foliation directions. A summary of all performed tests can be found in Table 4. The 

thickness t, width B and area A specifies the geometric properties of the cross section at 

the location of the notches. 
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Fig.  32 Svineryd gneiss specimens S-7 (left) and S-9 (right) with foliation direction approximately 
perpendicular to and parallel with the expected crack direction, respectively. Both specimens are 
ca 60 x 60 mm in size.  

Table 4 Summary of test programme for Svineryd gneiss. 
 

Specimen Thickness 
t [mm] 

Width 
B [mm] 

Area 
A [cm2] 

Micro-
scopy 

analysis1) 

Nominal 
peak 

stress 
σt,max 

[MPa] 

CMOD 
at σt,max

2)
 

[μm] 

Fracture 

 

Specimen without notches     

S-8 - - - a, b - - - 

     

Foliation perpendicular to notches     

S-3 9.80 39.90 3.91  13.0 - Partly outside notch 
region 

S-5 9.84 40.08 3.94  13.8 13 Notch region 

S-7 9.76 40.08 3.91 a, b 15.5 11 Notch region 

S-10 9.81 40.13 3.94 a 14.4 11 Notch region 

S-12 - - - (a) - - - 

    Avg. 14.6 11.6  

    Std. 0.9 1.1  

Foliation parallel with notches     

S-4 9.87 39.96 3.94  3.2 - Partly outside notch 
region 

S-6 9.86 39.93 3.94  5.4 - Outside notch region 

S-9 9.79 40.04 3.92 a 10.7 7 Notch region 

S-11 9.73 39.98 3.89 a 10.2 6 Partly outside notch 
region 

    Avg. 8.8 6.6  

    Std. 2.9 1.0  

1) a = qualitative fracture analysis, b = quantitative microcrack analysis presented in this 

report. 

2) Crack opening displacement determined from DIC measurements at nominal tensile 

peak stress. 
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5.1 Direct Tensile Test 

In the test series of the Svineryd gneiss, the main focus was to study the damage evolution 
during the fracture process and especially the correlation between the DIC and AE 
measurements. Photos of the specimens after testing with the final fracture indicated 
with a white line can be seen in Fig. 33 and Fig. 34. The fracture developed within the 
notch region for three of the specimens (S-5, S-7, S-10) with the foliation perpendicular 
to the notches, but only for one of the specimens (S-9) with the foliation parallel with the 
notches. In the rest of the specimens (S-3, S-4, S-6, S-11) the fracture developed outside 
or partly outside the notch region. Hence, for this material the local material properties 
have a major influence on the crack formation in the specimen, especially in the case 
where the material was loaded perpendicular to the foliation. Four specimens (S-7, S-9, 
S-10, S-11); two of each foliation orientations were chosen for further analyses. 
 

 

Fig.  33 Photos of specimens with foliation perpendicular to notch (S-3, S5, S-7, S-10) after testing. 
The final fracture is highlighted with a white line. 
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Fig.  34 Photos of specimens with foliation parallel with notch (S-4, S-6, S-9, S-11) after testing. The 
final fracture is highlighted with a white line. 

The tensile stress-CMOD relationships for specimens S-7, S-9, S-10 and S-11 are 

presented in Fig. 35a. The value of CMOD was determined as the mean value of two 

“virtual” extensometers defined over the notches in the DIC measurements and the stress 

is calculated as the applied load F divided by the nominal notch area A. The AE activities 

registered during the tests are presented as tensile stress vs. cumulative number of hits 

in Fig. 35b. 

The characteristics of mechanical behaviour as well as AE activity show good 

correspondence between the two tested specimens with the same foliation orientation up 

to maximum stress. The stress-CMOD relation is more or less linear to relatively high 

stress levels. The average nominal tensile peak stress σt,max was higher for the specimens 

with foliation perpendicular to the notches compared to the specimens with foliation 

parallel with the notches. The nominal tensile peak stress σt,max and the corresponding 

mean crack opening displacement at peak stress determined from DIC is presented in 

Table 4. Shortly after maximum stress has been reached, a very sudden and brittle failure 

occurs. This was true for all tested specimens.  
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Fig.  35 a) Tensile stress vs. CMOD and b) stress vs. cumulative number of AE hits for Svineryd gneiss 
specimens S-7, S-9, S-10 and S-11. 

As discussed before, the AE activity is a god indication of the damage evolution inside 

the specimen, e.g. crack initiation and crack intensity. The AE activity is very low in the 

initial part of the loading history for all four tests (Fig. 35b) Then, there is a more distinct 

increase in hit-rate approximately at 8 MPa for S-9 and S-11, at 13 MPa for S-7 and at 11 

MPa for S-10. Because of the very brittle failure, a vertical drop occurs in the stress-hits 

relations, which means limited AE activity was registered during the descending part. 

Interesting to note is that the difference in hit evolution between S-7 and S-10 that can 

be observed in the later part of the pre-peak stage (Fig. 35b) also is reflected in the stress-

CMOD relation as a small difference in stiffness (Fig. 35a). This illustrate the sensitivity 

of AE in detecting damage. 

Fig. 36 shows the development of cumulative number of AE events in relation to the 

applied stress for the different tests, i.e. the AE sources that were localised within the 

specimens during the loading. As can be seen, the stress levels at hit-rate increase as 

described previously, corresponds well with the initiation of localized events. The 2D-

planer localization of the registered AE events for the different tests are presented to the 

right in Fig. 37 to 40 at three different stages of the loading: (I) Pre-peak, (II) Peak and 

(III) Post-peak. Moreover, the corresponding major strain fields at the surface of the 

specimens obtained from the DIC measurements are presented to the left in the same 

figures. 
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Fig.  36 Tensile stress and cumulative AE events vs time for Svineryd gneiss specimens a) S-7, b) S-
9, c) S-10 and d) S-11. 

Most of the hits in the initial phase have amplitudes in the range of 40-45 dB, while the 

majority of the registered events have an amplitude above 45 dB. Hence, it seems more 

difficult to localize the initial AE sources that are expected to be related to the spatially 

scattered micro cracking that emits low-energy AE waves with lower amplitudes. 

Instead, up to peak stress the AE source localization is mostly related to activities that 

originates from areas close to the notches. Even do there is a scatter in AE source 

localization, there is an obvious spatial correlation between AE localization and 

discontinuities observed by DIC. There is a tendency that the position of AE sources with 

higher amplitudes seems to correlate better. At the first load stage (I) both the strain 

localisation and the number of events is still limited. However, the crack propagations 

that can be observed between load stage (I) and (II) generate significantly higher 

concentrations of events. This is especially noticeable for specimen S-10 (Fig. 39), where 

both strain localizations and AE events only appears and develops at the left notch. As 

discussed, the registered AE activity due to crack propagation during the descending part 

of the loading was very limited, and consequently also the number of localized events. 

However, for specimen S-11 there is a fairly good correlation between the AE and DIC at 

load stage (III) in Fig. 40. 
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Fig.  37 Major strain contours (left column) and AE source localisation (right column) for Svineryd 
gneiss specimen S-7 at three different load stages: (I) Pre-peak, (II) Peak and (III) Post-peak. 
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Fig.  38 Major strain contours (left column) and AE source localisation (right column) for Svineryd 
gneiss specimen S-9 at three different load stages: (I) Pre-peak, (II) Peak and (III) Post-peak. 
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Fig.  39 Major strain contours (left column) and AE source localisation (right column) for Svineryd 
gneiss specimen S-10 at three different load stages: (I) Pre-peak, (II) Peak and (III) Post-peak. 
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Fig.  40 Major strain contours (left column) and AE source localisation (right column) for Svineryd 
gneiss specimen S-11 at three different load stages: (I) Pre-peak, (II) Peak and (III) Post-peak. 
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One explanation to the scatter AE source localization is the local variations in wave 

velocity due to material heterogeneity, which were not accounted for. Furthermore, the 

accumulated damage in the material due to micro cracking and crack propagation will 

also change the wave velocity during the loading, thereby affect the precision of the 

localization. Another factor may be the fact that the notches are not accounted for in the 

localization algorithm, i.e. the propagating waves are theoretically allowed to pass 

through the notches. A more thorough interpretation of the of the AE waveforms and 

localization procedure may provide better signal separation and precision in localization, 

also for the low-energy AE sources. Part of the discrepancy in spatial correlation may 

also be due to the fact that the AE sources originates from the entire volume of the 

specimen, while DIC only captures discontinuities that appears at the surface. However, 

this matter should be minimized by the small specimen thickness.  

The findings in this study support the hypothesis that the registered AE activity can be 

related to different stages of damage within the specimens. The moderate AE activity 

during the initial loading is believed to be related to spatially scattered micro cracking 

distributed over a larger area, while the increase in AE rate can be related to initiation of 

localized crack formation, predominantly at the notches. Unfortunately, it was not 

possible to follow the post-peak fracture process in a satisfactory way. 
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5.2 Petrographic Analysis 

A detailed petrographic analysis was carried out following Hellman et al (2011) on the 
corresponding thin section of Svineryd gneiss specimen S-8. This specimen has not been 
subject to the direct tensile stress test, i.e. it is a reference specimen. In general terms, 
the specimen is a fine- to medium-grained inequigranular granitoid with a gneissic to 
cataclastic structure. It is structurally anisotropic with foliation manifested by shape 
preferred orientation of individual mineral grains as well as shear bands and 
compositional layering. On thin-section level, the foliation is non-penetrative (i.e. 
spaced). Main minerals are K-feldspar, plagioclase, quartz and biotite, all usually 
occurring as anhedral grains. Accessory phases are muscovite, chlorite and opaque 
phases. Fig. 41 shows detailed microscopic images from the sample. Corresponding thin 
sections to specimen S-7 and S-9, both of which have been subject to the direct tensile 
stress test, have also been petrographically analysed. For these specimens, the analysis 
only comprised microcrack frequency and characterisation of the main fracture resulting 
from the direct tensile stress test. The general petrographic characteristics, such as 
mineralogy, grain size and structure, of S-7 and S-9 correspond to those of specimen S-
8. 
 

  

Fig.  41 Detailed image of the Svineryd gneiss specimen S-8 in plane polarized (left) and cross 
polarized (right) light. Both images are ca 20 x 21 mm in size. The yellow colour of quartz in cross 
polarized light is due to slightly too thick thin-sections 

The mineralogical composition retrieved from thin section point counting of specimen 

S-8 is presented in Table 5. A total of 1043 mineral grains were counted along a number 

of traverses covering the entire thin section. The Svineryd gneiss is dominated by 

feldspars (plagioclase and K-feldspar), quartz and biotite. Minor amounts of chlorite and 

opaque phases are also present.  
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Table 5 Mineralogical composition of specimen S-8 

Mineral Points Volume-% 
Measurement uncertainty 

± volume-% 

Feldspar 566 54.3 3.0 

Quartz 338 32.4 2.8 

Biotite 105 10.1 1.8 

Chlorite 18 1.7 0.8 

Opaque phases 16 1.5 0.7 

 

 

The results from the grain size analysis of the specimen S-8, displayed in Fig. 42, show 

that the Svineryd gneiss has a mean grain size of 0.2 mm, which classifies it as fine 

grained (<1 mm). The smallest measured grain size is 0.01 mm and largest measured 

grain size 2.8 mm.   

 

Fig.  42 Grain size distribution curve from specimen S-8. The vertical black lines represent the limits 
for fine (<1 mm), medium (1-5 mm) and coarse (>5 mm) grained material. Specimen S-8 is dominated 
by fine material (ca 87%).  

The result from the foliation index (FIX) analysis on specimen S-8 was FIX 1.29 (see 

Table 6). According to values given in Hellman et al. (2011), this represents a grade of 

foliation of 2 on a 5-degree scale. A grade 2 on the scale represents a FIX value of 1.10-

1.30. Values of FIX 1.0-1.10 equals a grade 1 on the scale (massive structure), while a FIX 

>1.8 equals a grade 5 on the scale (heavily foliated). The Svineryd gneiss is according to 

these results therefore classified as weakly foliated.   
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Table 6 Foliation index of the specimen S-8. 

Specimen S-8 Grain boundaries crossed by traverses FIX 

Perpendicular to apparent 
foliation 

715 

1.29 

Parallell to apparent foliation 556 

 

A qualitative assessment of the grain boundaries grade of intergrowth and the grade of 

alteration in the material has been performed for specimen S-8, following Hellman et al 

(2011). The grain boundaries in the specimen are mostly lobate and interlocking, and in 

accordance with Hellman et al (2011) (Fig. 10) the grade of intergrowth is given a grade 

4.0 on a scale 1-5. A grade 1 on the scale represents straight and non-interlocking grain 

boundaries, while a grade 5 represents grain boundaries that are very lobate and 

interlocking. The extent of alteration in the material has also been graded on a scale 1-5, 

in comparison with results obtained by Lindström (2016). In specimen S-8, the 

alteration corresponds to a grade 4.0 on the 1-5 scale. A grade 1 on the scale represents 

no alteration at all, while a grade 5 represents a heavily altered material.             

Microcrack frequency and type has been investigated in specimen S-8 (no tensile stress 

test/reference specimen) and S-7 (after tensile stress test) (Fig. 43). The microcrack 

frequency in the Svineryd gneiss is generally low, as a typical Swedish granite usually has 

2-3 microcracks/mm (Schouenborg et al., 2008) while Svineryd has an average of 0.66 

microcracks/mm (reference sample S-7). Microcracks occur frequently and evenly 

distributed over the entire thin-sections (Fig. 44-47 and 48-53). The total frequency is ca 

20% higher in specimen S-7 compared to the reference specimen S-8. All types of 

microcracks occur in both specimens. In S-8, the distribution between the different crack 

types is relatively even. However, in S-7 the intergranular cracks (grain-boundary cracks) 

are most frequent, followed by transgranular cracks (crossing two or more grains) and, 

not far behind in frequency, the intragranular cracks (inside individual grain). The 

microcrack frequency was counted as number of cracks crossed by traverses of known 

length in two different directions in both specimens; in an east-west (E-W) direction, 

running against the foliation of the material, and in a north-south (N-S) direction, 

running along the foliation of the material. The microcrack frequency was found to be 

higher along the E-W directed traverses compared to along the N-S directed ones. This 

was as expected, due to the foliated nature of the material, causing anisotropy in rock 

strength. In the S-8 specimen, the distribution of the microcracks are ca 55% along the 

E-W traverses and ca 45% along the N-S traverses. In the S-7 specimen the distribution 

of the microcracks is even more uneven, with ca 62% in the E-W direction and ca 38% in 

the N-S direction. The results also show that the microcrack frequency mostly increased 

parallel to the foliation in the material (measured along the E – W transect), even though 

the direct tensile stress test was performed parallel to the foliation. 
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Fig.  43 Microcrack frequency in specimen S-7 (after tensile stress test) and S-8 (no tensile stress 
test) with two notch. The frequency for each crack type is also made visible. Note that one stack for 
each specimen represents the average value for the two directions, and two stacks for each 
specimen represents the value for each of the two different directions (E-W – east-west; N-S – 
north-south).  

The direct tensile stress test was conducted with tensile stress vectors parallel to the 

foliation in specimen S-7. The resulting main fracture developed perpendicular to the 

tensile stress vectors, which coincides with the direction of the notches (Fig. 44). The 

fracture follows a straight but somewhat sinusoidal path and has emerged from the 

corresponding notch on each side of the specimen, at or close to the corner of the notches. 

At the notch on one side of the specimen (left side in Fig. 44; Fig.45), the fracture emerges 

through a small aggregate of biotite belonging to a weaker plane of mica passing by the 

notch, before proceeding through a larger quartz grain. This quartz grain is apparently 

plastically weakened from earlier deformation, with visible straining and sub grain 

formation. At the other notch (right side in Fig. 44; Fig. 46), the fracture has emerged 

through a large feldspar grain, mainly following the cleavage planes.  

In general, the main fracture has dominantly emerged straight through mineral grains, 

slightly deviating at a few points towards existing weaker planes consisting of mica, only 

to return to splitting straight through mineral grains. Quartz and feldspar grains are the 

main hosts of the fracture, while in larger biotite and other mica minerals, the fracture 

has emerged alongside the grain boundaries (intragranular). 
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Fig.  44 Specimen S-7 with two notches. The photomicrographs were prepared with automated 
stage mosaic imaging in a petrographic microcope. The images were captured under plane polarized 
light (upper image) and by combining photo mosaics taken under crossed polaraizers with photo 
mosaics taken under fluorescent light (lower image). The complete fracture images are both 43 x 
18 mm in size. The final fracture and notches are emphazied by the green fluorescent epoxy in the 
crossed polarized/flourescent image, and yellow in the plane polarized image. 

    

Fig.  45 Left side notch of specimen S-7 in plane polarized (left) and crossed polarized light (right). 
The fracture has emerged from the notch through a small cluster of biotite grains belonging to a 
weaker plane of mica passing by the notch, and then continues through a strained quartz grain. Both 
images are ca 6.2 x 4.5 mm in size. 

    

Fig.  46 Right side notch of specimen S-7 in plane polarized (left) and crossed polarized light (right). 
The fracture has emerged from the notch into a large feldspar grain, following the cleavage planes 
of the grain. Both images are ca 6.2 x 4.5 mm in size. 

When analyzing microcracks with the aid of fluorescent light, this can be done with 

different settings regarding the magnification, image size and resolution, aperture 

settings, and so on. The aperture settings decide how much light the camera attached to 

the microscope will collect, and thereby the effect of the fluorescent epoxy. A larger 
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aperture collects more light to the resulting image, and so the fluorescent epoxy in the 

microcracks will be even more prominent. When investigating the frequency of 

microcracks, presented above for Bohus and Svineryd material, the aperture is set to 200 

ms (namely the time for collecting light). This is a standard setting used to obtain the 

same conditions when carrying out this analysis. For the Svineryd specimens, these 

settings allow for the microcracks near the main fracture to be visible as well, as they 

would otherwise drown in the strong fluorescent light reflected from the large main 

fracture. This enables a more detailed analysis of the choice of path made by the main 

fracture as well.  

On the other hand, when enhancing the strength of the fluorescent light, the microcracks 

over the entire image become more prominent. This enables a more detailed analysis of 

the behavior of microcracks in the material, as for instance what mineral types are more 

often related to microcracks. For this sake, images of several Svineryd specimens have 

been photographed under fluorescent light with the aperture set to 2.6 seconds.  

In Fig. 47 below, the strength of the fluorescent light in specimen S-7 has been increased 

as mentioned above, and the resulting image has then been combined with a plane 

polarized image and a crossed polarized image, respectively. The resulting images reveal 

that grains of quartz (plain areas in Fig. 47) exhibit a high frequency of intragranular 

microcracks, with no seemingly preferred orientation. Fig, 47 shows that the lack of 

orientation might be due to the fact that the microcracks in the quartz grains might be 

following discontinuities of the grains as a result of sub grain formation and any other 

deformational defects present. Microcracks interacting with the main fracture can also 

be seen, mainly running parallel to the main fracture. There are some microcracks acting 

as extensions from weak planes of mica minerals as well, located where the main fracture 

has briefly followed these planes.  
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Fig.  47 Specimen S-7 with two notches. The photomicrographs were prepared with automated 
stage mosaic imaging in a petrographic microcope. The images were captured under plane polarized 
light (upper image) and crossed polarized light (lower), and then combined with a photo mosaic 
taken under fluorescent ligh. The complete fracture images are both 43 x 18 mm in size. The final 
fracture and notches are emphazied by the green fluorescent epoxy in both images. 

The direct tensile stress test was conducted with tensile stress vectors perpendicular to 

the foliation in specimen S-9. Just as in specimen S-7, the resulting main fracture has 

developed perpendicular to the tensile stress vectors, which coincides with the direction 

of the notches (Fig. 48). However, for specimen S-9 the fracture runs from notch to 

notch, but it does not follow a straight path. Instead, the fracture seems to be more 

affected by the structure of the material, particularly by already existing weak planes of 

mica. Close to the notches, the main fracture has cut through mineral grains, and does 

so c. 7 mm and c. 14 mm, respectively, into the specimen. The fracture runs in an angle 

from each notch, on the one side of the specimen in a “downward” angle and on the other 

side in an “upward” angle. The fracture then abruptly changes its course on both sides of 

the specimen, falling into the same path of a weak plane of mica (Fig. 51-52). This part of 

the fracture also extends beyond the points were the fracture reaches out towards the 

notches, following the weak plane of mica outside of the main fracture. Besides these 

abrupt changes of the course, the fracture generally follows a straight path, rather than a 

sinusoidal path. Worth noting is that the main fracture in this sample still made its way 

between both notches on each side of the sample. In other specimens with the same 

arrangement (tensile stress vectors perpendicular to the foliation), for example in 

specimen S-11 further down, the main fracture tends to miss one of the notches. This is 

most likely due to the positioning of weak planes of mica in the sample, as they seem to 

very much govern the path of the fracture. An advantageous location of a weak plane can 

help lead the main fracture between both notches, while a less advantageous location of 

a weak plane can govern the main fracture to miss one (S-4 and S-11 in Fig. 33), or even 

both (S-6 in Fig. 34), notches.  

At the notch on one side of the specimen (left side in Fig. 48; Fig. 49), the fracture 

emerges through a large quartz grain, beginning in a part of the grain that has been 

visibly plastically deformed, with straining and sub grain formation (Fig. 49). At the 

other notch (right side in Fig. 48; Fig. 50), the fracture has emerged through a weak zone 

of mica, before proceeding through a heavily deformed quartz grain with visible straining 

and sub grain formation (Fig. 50). At both notches, the fracture has emerged closer to 

the corner of the notch, rather than the middle of it.  

Near the notches, where the main fracture has cut through mineral grains, it has mainly 

cut through large quartz grains, but also through feldspar grains that are heavily 

seritisized and/or saussuritized. 
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Fig.  48 Specimen S-9 with two notches. The photomicrographs were prepared with automated 
stage mosaic imaging in a petrographic microcope. The images were captured under plane polarized 
light (upper image) and by combining photo mosaics taken under crossed polaraizers with photo 
mosaics taken under fluorescent light (lower image). The complete fracture images are both 60 x 
23 mm in size. The final fracture (with branches) and notches are emphazied by the green 
fluorescent epoxy in the crossed polarized/flourescent image, and yellow in the plane polaraized 
image. 

     

Fig.  49 Left side notch of specimen S-9 in plane polarized (left) and crossed polarized light (right). 
The final fracture and notches are emphazied in yellow in the plane polaraized image and in black in 
the crossed polarized image. The fracture has emerged from the notch through a large quartz grain. 
The fracture starts in a weaker part of the grain, evident by straining and sub-grain formation in this 
part of the grain. Both images are ca 6.2 x 4.5 mm in size. 
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Fig.  50 Right side notch of specimen S-9 in plane polarized (left) and crossed polarized light (right). 
The final fracture and notches are emphazied in yellow in the plane polaraized image and in black in 
the crossed polarized image. The fracture emerges from the notch through a mica aggregate, before 
proceeding through an area of heavily deformed quartz, with evidence of straining and sub-grain 
formation. Both images are ca 6.2 x 4.5 mm in size. 

    

Fig.  51 Left side notch (visible in the lower left corner) of specimen S-9 in plane polarized (left) and 
crossed polarized light (right). The final fracture (with branch) and the notch is emphazied in yellow 
in the plane polaraized image and in black in the crossed polarized image. The main fracture 
emerges from the notch and makes its way across the image, exiting on the right side of the image. 
A branch emerging from the main fracture can be seen stretching from the middle right to the upper 
left of the image. This branch has most likely formed due to an existing weak plane of mica (dark 
material in the image), the same weak plane as the main fracture follows in part. Both images are ca 
10 x 8 mm in size. 
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Fig.  52 Right side of the main fracture of specimen S-9 in plane polarized (left) and crossed polarized 
light (right). The final fracture (with branch) is emphazied in yellow in the plane polaraized image 
and in black in the crossed polarized image. The main fracture enters the image in the upper right 
corner and makes its way across the image, exiting on the upper left side of the image. A barely 
visible branch emerging from the main fracture can be seen stretching from the middle left to the 
lower right of the image. This branch has most likely formed due to an existing weak plane of mica 
(dark material in the image), corresponding to the same weak plane as the main fracture follows in 
part. Both images are ca 10 x 8 mm in size. 

Similar to specimen S-7, a vast majority of the microcracks over the entire specimen seem 

to be located in quartz grains (plain areas in the image), with no evident preferred 

orientation (Fig. 53). Cracks are also seen feldspar grains (dirty areas in the image), but 

not to the same extent. Besides these cracks, cracks running parallel to the main fracture 

are also common, as well as cracks extending from the main fracture due to existing weak 

mica planes that interact with the main fracture. In the lower right corner of the image, 

a very clear microcrack branch extending through a weak mica plane from the main 

fracture can be seen branching out in a large grain of quartz in the end of it.  
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Fig.  53 Specimen S-9 with two notches. The photomicrographs were prepared with automated 
stage mosaic imaging in a petrographic microcope. The images were captured under plane polarized 
light (upper image) and crossed polarized light (lower), and then combined with a photo mosaic 
taken under fluorescent light. The complete fracture images are both 58 x 29 mm in size. The final 
fracture and notches are emphazied by the green fluorescent epoxy in both images. 

The direct tensile stress test on specimen S-10 was conducted with the tensile stress 

vectors parallel to the foliation, just as in specimen S-7. The resulting main fracture 

developed perpendicular to the tensile stress vectors, which coincides with the direction 

of the notches (Fig. 54). The fracture follows a straight, only slightly sinusoidal path and 

has emerged from the corresponding notch on each side of the specimen, at the lower 

corner of both notches. At the notch on one side of the specimen (left side in Fig. 54), the 

fracture emerges through a cluster of feldspars, cutting straight through the mineral 

grains. At the other notch (right side in Fig. 54), the fracture has emerged straight 

through mineral grains of feldspar and quartz, as well as a smaller weak plane o mica, 

before proceeding into a large feldspar grain.  

In general, the main fracture has dominantly emerged straight through mineral grains, 

slightly deviating at a few points towards existing weaker planes consisting of mica, only 

to return to splitting straight through mineral grains. Quartz and feldspar grains are the 

main hosts of the main fracture, while in larger biotite and other mica minerals, the 

fracture has emerged alongside the grain boundaries (intragranular). 

In Fig. 54 below, the same pattern and high frequency of intragranular microcracks in 

quartz grains as in earlier described specimens can be seen. It is also evident that the 

microcracks governed by feldspar grains seem to be shorter than those in quartz grains, 

indicating that the feldspar grains might be able to better resist already emerging 

microcracks than the quartz grains can. In contrary with the earlier described specimen, 

the closest vicinity of the main fracture in specimen S-10 seems to lack microcracks 

running parallel to the fracture. A few branches extending from the main fracture and 

out into surrounding weak planes can be seen, but only to a small extent.   
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Fig.  54 Specimen S-10 with two notches. The photomicrographs were prepared with automated 
stage mosaic imaging in a petrographic microcope. The images were captured under plane polarized 
light (upper two images) and crossed polarized light (lower image). The lower two images were then 
combined with a photo mosaic taken under fluorescent light. The complete fracture images are all 
57 x 26 mm in size. The final fracture and notches are emphazied by the green fluorescent epoxy in 
both images. 
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The direct tensile stress test was performed with tensile stress vectors perpendicular to 

the foliation in specimen S-11, same as in specimen S-9. The resulting main fracture has 

developed perpendicular to the tensile stress vectors, which coincides with the direction 

of the notches (Fig. 55). The fracture does not involve both notches, however, as is the 

case in all other mentioned Svineryd gneiss specimen. Instead, the fracture emerges from 

one notch, working its way, in a horizontal matter, toward the more central parts of the 

specimen by cutting straight through mineral grains. Ca x cm from the notch, the fracture 

encounters a weak plane of mica, and falls into its path heading ca 30 degrees downward 

relative the horizontal plane. The fracture then deviates from the weak plane of mica and 

emerges into a large quartz grain, leading the fracture onward in a more horizontal 

manner. In the plane polarized image below (Fig. 55), it can be observed that the large 

quartz grain has been affected by deformation, creating a visible, and most probably 

weaker, structure in the grain which the fracture seems to be following. The fracture then 

continues through another, similar quartz grain before reaching the end of the specimen, 

meaning that the fracture does not intercept the other notch. Similar to the fracture 

pattern of specimen S-9, an extension of the main fracture can be found running in the 

opposite direction from where the main fracture falls in to weak mica plane (Fig. 55). 

This might also be true in the opposite end of this part of the main fracture, where the 

fracture emerges into the large quartz grain (lower middle of the main fracture), but this 

is not as evident.  

At the notch not affected by the main fracture, there are minor cracks emerging from the 

notch, but the damage following the tensile stress test has obviously not been severe 

enough to connect the main fracture to this notch. The reason to this might be the fact 

that the material in the vicinity of this notch is to a lesser extent consisting of weak planes 

of mica as compared to the notch on the other side of the specimen. The material inside 

this notch (towards the center of the specimen) rather consists of a larger area of quartz 

grains followed by, most importantly, a number of large feldspar grains, making this area 

of material more resistant to fracturing compared to areas where the weak mica planes 

are present.  

The typical intragranular microcrack pattern in quartz grains is evident in this specimen 

(Fig. 55), as in all earlier described specimens of Svineryd material. Microcracks in 

feldspar grains might be more frequent and also longer than seen in earlier samples. 

Microcracks extending from and running parallel to the main fracture are very common 

here, which might be due to the close spacing and advantageous location of weak mica 

planes in the specimen. 
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Fig.  55 Specimen S-11 with two notches. The photomicrographs were prepared with automated 
stage mosaic imaging in a petrographic microcope. The images were captured under plane polarized 
light (upper two images) and crossed polarized light (lower image). The lower two images were then 
combined with a photo mosaic taken under fluorescent light. The complete fracture images are all 
45 x 27 mm in size. The final fracture and notches are emphazied by the green fluorescent epoxy in 
both images. 

Available reference specimens, i. e. specimens that have not been subject to the direct 

tensile stress test, of the Svineryd material has been further analyzed in a qualitative 

manner with regards to microcracks. This was done in order to highlight certain features 

of the non-tested material, features that in retrospect could be interesting to compare 

with the results from the analysis carried out on the tested material. The most interesting 

features selected to be compared was the initial microcrack frequency in quartz and 

feldspar grains as well as in weak planes of mica in the reference material, followed by 

the possible impact of sawing the notches. Reference specimens S-8 and S-12 have been 

used for this analysis. None of the specimens have been subject to the direct tensile stress 

test, but two notches were sawn in specimen S-12.  

In specimen S-8 (Fig. 56), focus was placed on closer investigating the relative frequency 

of microcracks between quartz grains, feldspar grains and mica planes in non-tested 

reference material. Regarding the planes of mica, there are some existing microcracks 

running along these planes. These microcracks are however not wide spread amongst the 

planes, but rather occur occasionally. When this type of microcrack does exist, it tends 

to be located at or close to the boundary between the mica minerals making up the plane 

and the neighboring mineral grains (most often quartz or feldspar grains). The 

microcracks seldom run along an entire mica plane, but rather only covers a portion of 

it. This is displayed in Fig. 57 below, consisting of a detailed image from specimen S-8. 

The mica planes are featured as dark, almost black planes running in a north-south 

direction. Microcracks in quartz are on the other hand wide spread and often occurring. 

The majority of large and extensive microcracks in the specimen seem to be located 

inside large, strained quartz grains. This is made visible by the image in Fig. 57 below, 

where an extensive network of green colored (epoxy) microcracks are visible in the pale 
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parts of the image representing quartz grains. Microcracks do also occur extensively in 

feldspar grains, but these tend to be smaller/shorter and less obvious throughout the 

specimen. In the larger feldspar grains, the microcracks most often run along the existing 

cleavage of the grains, or 90 degrees against it. In smaller grains of feldspar, the 

microcracks seem to have a tendency to make its way around the grains instead 

(intragranular). This is partly made visible by the image in Fig. 57 below, where the 

feldspar grains are featured as darker, slightly messy areas of the image.  

With the above mentioned in mind, a conclusion can be drawn that the relative 

frequency, pattern and behavior of the microcracks in this reference material seem to be 

very much alike in the material subject to the direct tensile stress test.  This is however 

only based on a qualitative assessment of these features of the material.   

   

Fig.  56 Reference specimen S-8, which has not been subject to the direct tensile stress test. The 
photomicrographs were prepared with automated stage mosaic imaging in a petrographic 
microcope. The images were captured under plane polarized light (left image) and crossed polarized 
light (right), and then combined with a photo mosaic taken under fluorescent light. Each image is ca 
55 x 54 mm in size. The fractures are emphazied by the green fluorescent epoxy in both images. 
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Fig.  57 Detailed image from reference specimen S-8, cut from the left image in Fig. xx above. The 
image is ca 36 x 22 mm in size. The fractures are emphazied by the green fluorescent epoxy. The 
image displays the extensive frequency of already existing intragranular cracks in large, strained 
grains of quartz (pale areas of the image). The darker, slightly messy areas are mostly felspar grains, 
with an extensive frequency of smaller/shorter microcracks compared to those in quartz grains. 
Dark, almost black planes running in a north-south direction are planes of mica minerals, with 
occasional microcracks running alongside and/or inside of them. 

In all tested specimens och Bohus and Svineryd material, one or two notches has been 

sawn. This kind of alteration always involves a risk of manipulating the material to some 

extent. In Fig. 58 below, an image retrieved with fluorescent light of specimen S-12 is 

shown. The specimen has two notches sawn into it, but has not been subject to the direct 

tensile stress test. Both notches (in left and right side of the image) have been covered 

with black before taken the photos, to prevent the surrounding microcracks from 

drowning in the fluorescent light. From this image, there is no evident trace of 

microcracks that have been initiated during the sawing if the notches, as the pattern of 

the microcracks surrounding the notches seem to be following the same pattern as in the 

rest of the specimen.  

An interesting feature made visible in the fuorescent light image in Fig. 59 is that, when 

comparing the the corresponding plane polarised image in Fig. 58, the tendency for 

microcracks to occur in quartz grains is made even more evident than earlier. In the 

fluorescent light image (Fig. 58), areas with a lower frequency of microcracks compared 

to its surroundings can be seen running in a north – south direction. These areas 

correspond to the plain areas in the plane polarixed light image in Fig. 59, representing 

ares of quartz grains. 



68 

© RISE Research Institutes of Sweden 

 

Fig.  58 Reference specimen S-12, which has two notches sawn into it, but has not been subject to 
the direct tensile stress test. The photomicrograph was prepared with automated stage mosaic 
imaging in a petrographic microcope, taken under fluorescent light. The image is ca 60 x 40 mm in 
size. The fractures are emphazied by the green fluorescent epoxy in both images. The notches on 
each side of the specimen have been covered with black to easier see the surounding microcracks.  

 

Fig.  59 Reference specimen S-12, which has two notches sawn into it, but has not been subject to 
the direct tensile stress test. The photomicrograph was prepared with automated stage mosaic 
imaging in a petrographic microcope, taken under plane polarized light. The image is ca 60 x 40 mm 
in size. 
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6 Discussions 
Several authors have been studying or proposed various methods for identifying different 

crack processes (e.g. Brace et al. 1966, Bieniawski 1967, Lajtai 1974, Stacey 1981, Martin 

and Chandler 1994, Eberhardt et al. 1998, Diederichs et al. 2004, Nicksiar and Martin 

2012) or compared mineralogical and textural characteristics with mechanical properties 

of rock samples (cf. Tandon and Gupta 2013). However, these methods are mainly based 

on compressive loading tests with shear movements (Janssen et al. 2001, Heap and 

Faulkner 2008), or use non-crystalline sedimentary rocks (Labuz and Biolzi 2007, Zhang 

et al. 2015), whereas this paper describes the development of a test method for detailed 

studies of crack processes in crystalline rock specimens subjected to tensile loading.  

6.1 Fracture Development  

6.1.1 DIC and AE measurements 

From the DIC measurements at mesoscale, it was observed that scattered deformations 

successively appeared during the initial loading (Fig. 12b-c). However, in sample B-51 

(Fig. 16b-c), these scattered deformations were shifted towards the notch. These 

deformations are assumed to represent the formation of microcracks, and observations 

indicate localisation of microcracks around the notches. As the stress level increased, 

these microcracks grew both in number and size. Regularly, the main crack was initiated 

in the region of one of the notches and then propagated towards the opposite notch. 

However, sometimes cracks propagated from both notches simultaneously (Fig. 12e-f). 

By DIC measurements it was possible to locate the cracks with respect to time and also 

to quantify the crack opening displacement and the crack length by analysing 

discontinuities in the displacement field. On the DIC microscale, it is possible to study 

how the cracks were initiated at pre-existing cracks, flaws (e.g. cavities and minute 

mineral inclusions), cleavage planes and grain boundaries (Fig. 17a-c), which is also 

supported by the microscopic analysis (Fig. 23-24); and then successively propagated, 

bridging with each other from micro- to macrocracks (Fig. 17d-f); to finally form the 

fractures (Fig. 23-24). At this level, it is also possible to locally measure the crack opening 

development over individual microcracks by the use of e.g. virtual extensometers. 

Although the DIC results only show observations at the surface, they do give a good 

indication of the cracking process within the sample and how the micro- and 

mesostructure of the materials affect the cracking process, which afterwards was verified 

through thin-section microscopy. 

It is evident that the stress field govern the crack direction to a greater extent than the 

micro- and mesostructures of an isotropic specimen, such as the Bohus granite. In this 

case notches were cut perpendicular to the tensile stress vectors, to induce cracks to the 

centre of the samples. The main fractures were thus forced into a notch-parallel 

direction. The subparallel fractures are generally described as smooth and undulating, 

whereas, when these are forced into a different direction such as the 20 mm long fracture 

at a c. 45°angle in the middle of specimen B-4 (Fig. 23), the crack path show a 

pronounced and angular zig-zag pattern, with several steps within especially individual 

feldspar grains. The cracks are further described as dominantly running along feldspar 

cleavage planes, within quartz, and through or along the grain-boundaries of biotite. 
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The characteristics of both mechanical behaviour and AE activity were comparable for 

the different specimens. Interesting is also the similarity in shape between the stress to 

hits relations and stress to CMOD relations. Differences in the stress-CMOD relation 

between the specimens, is usually reflected in the stress-hits relation. The study thus 

indicates a strong correlation between the accumulated number of hits and the level of 

mechanical damage in the material.  

The characteristics of the AE activity represented as cumulative number of hits is 

probably related to different parts of the loading history, which in turn is a result of 

different phases in the cracking process. The first AE activity was registered at relatively 

low stress values, but successively increased with increasing stress level. If comparing AE 

and DIC data, the initial AE activity can be related to the microcracking scattered over 

the sample starting at c. 1-2 MPa for most samples (cf. Fig. 11 and 15). However, the 

actual onset of the microcracking is hard to determine as the number of hits is low and a 

hit is defined by the chosen amplitude threshold level for the AE signal. On the more 

detailed microlevel, the sequence of loading is somewhat better illustrated, with 

scattered deformation areas arising and growing in isolated areas, until these crack 

domains bridge and merge into a single fracture (Fig. 17). 

At higher stress levels, a more or less distinct change in the AE activity was observed, 

indicating a transition in the cracking process, going from mainly microcracking to more 

intense localized crack formation and propagation. This increase in AE activity was 

especially pronounced for the Svineryd Gneiss, the Bohus Granite and the Hallandia 

gneiss (Bårarp) specimens, while it was more successive for the Flivik granite specimens. 

Closer to the peak stress, the total energy recorded from the AE activity increased rapidly, 

which may be related to an increasingly intense bridging and crack formation. 

Cracks with major strain dislocations (red on DIC images, Fig. 12 and 16-17), were also 

observed in thin-sections (Fig. 23-24). However, fracture process zones, as described by 

e.g. Nasseri et al. (2006) - with a dense microcrack formation around the crack tip, which 

was also identified in the DIC images, were not identified in the microphotographs of the 

thin-sections. Apart from the main fracture, and the general microcrack distribution 

throughout the thin-sections, no signs of any dense microcrack formation were 

recognized. 

The amount of AE activity recorded at the descending branch after peak stress is 

probably related to the fragility of the fracture process. Where more brittle failures 

occurred, lower numbers of hits were registered even though a complete fracture was 

created. This is probably explained by a very intense cracking giving a more or less 

continuous AE signal above the threshold level, resulting in less individual hits to be 

identified. This was particularly pronounced for the specimens with one notch where the 

threshold level was lowered to 30 dB, aiming at an earlier detection of the microcrack 

formation. The AE characteristics would probably look different and register more hits 

if the unstable cracking process during the descending branch could be controlled in a 

better way and fracturing would be allowed to develop more gradually. 

6.1.2 Petrographic analysis  

By using the results from the DIC and AE measurements, and comparing them with 

images retrieved from thin sections under a petrographic microscope, the behaviour of 
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the different materials (rock types) can be visualised. As concluded in Brander et al. 

(2014), the fracture development in the Hallandia (Bårarp) gneiss seemed to be governed 

more by the tensional stress field than the material itself, while the fracture development 

in the Flivik and Bohus granites was governed more by the material itself. In Flivik and 

Bohus specimens, the fracture was often initiated in large feldspar and large, strained 

quartz grains, with little or no regards to the stress field in the specimen, but rather 

depending on the direction of cleavage in the feldspar grains or internal weaknesses in 

the quartz grains. For Svineryd gneiss specimens, the fracture development seems to be 

first and foremost governed by the texture of the material. The existing planes of mica 

minerals evidently play an important role during the fracture development in the 

material. In specimens were the force from the direct tensile stress test was parallel to 

the foliation (specimens S-3, S-5, S-7 and S-10), the final fracture did in three out of four 

cases (S-3 excused) make its way from notch to notch in a relatively straight manner (Fig. 

33), cutting through mineral grains on its way across. In specimens were the force from 

the direct tensile stress test was instead perpendicular to the foliation (specimens S-4, S-

6, S-9 and S-11) (Fig. 34), the final fracture has either completely missed both notches 

(S-6), missed one of the notches (S-4 and S-11) or barely made its way between both 

notches by abruptly changing its path along the way (S-9). When analysing the fractures 

in thin section, it is evident that the path of the facture prefers to run through the existing 

planes of mica. The weakness induced by one, or sometimes both, of the notches has 

most probably been relevant as well, but when considering the AE results obtained 

during the direct tensile stress test one can see that for specimen S-9 (Fig. 38) and S-11 

(Fig. 40), the final fracture was evidently initiated at or near a mica plane rather than at 

the notch in both cases. This indicates that the weakest point in this case was located in 

or near the mica plane. The notches do however demonstrate their effect on the final 

fracture as well, which is most evident in specimen S-9 (Fig. 34), where the fracture 

mainly runs through a mica plane in the central parts of the specimen, only to make 

sudden changes in its path in order to reach the notches. In specimen S-6, the fracture is 

not even close to the notch region and is instead located in the upper part of the specimen 

(Fig. 34) in conjunction with a plane of mica. The above described behaviours of the final 

fracture demonstrate that the weakest part of the material, when mounted in its weakest 

direction relative the force imposed by the stress test, is first and foremost located at or 

near a plane of mica, and in second hand at or near the notches. It is also evident that the 

location of a weak plane relative one or both of the notches will also decide the location 

of the final fracture, as the combination of a weak mica plane near a notch will increase 

the tendency of fracturing in their vicinity. These findings would not be able to verify 

without the combination of results from measurements by DIC, AE and petrographic 

analysis of thin sections. 

In the specimens were the force from the direct tensile stress test was parallel to the 

foliation (specimens S-3, S-5, S-7 and S-10), the path of the final fracture seems rather 

to be governed by the weakness of individual mineral grains. From the reference 

specimen S-8 we can conclude that there initially exists a high frequency of microcracks 

in large, strained quartz grains. It is not surprising therefore that the final fracture in 

specimens S-5, S-7 and S-10 frequently runs through large grains of quartz. It is 

furthermore recognized that large feldspar grains tend to break along the cleavage planes 

of the grains. In the above-mentioned specimens, the final fracture does occasionally run 

along the cleavage of feldspar grains. The fracture does at some points deviate into or 

towards a plane of mica, but always deviates back to its original path again. This makes 
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it evident that, when the force of the stress test is directed towards the strongest direction 

of material, the weakest part of the material is the mineral grains themselves, in 

particular large grains of quartz and feldspars in this case, instead of mica.   

When considering the relative microcrack frequency in different directions of the 

Svineryd material (Fig. 43), the frequency of microcracks parallel to the force induced by 

the stress test was found to be higher in the tested specimen S-7 (foliation) compared to 

the reference specimen S-8, even though the foliation in specimen S-7 was parallel to the 

force during the stress test. This could indication that the planes of mica are still affected 

by the force and weak enough to fracture even when placed in their strongest direction 

relative the force. It might also indicate that the grains of quartz and feldspars not only 

fractures perpendicular to the force but are also weak enough to fracture in a parallel 

orientation relative the force in any case. An important note to make is however the fact 

that the foliation of the Svineryd material in not perfectly parallel to the force in any of 

the specimens, why microcracks can be initiated along mica planes and other weaknesses 

in the material in a parallel manner despite the parallel direction of the force.   

6.2 Methods for Quantitative Petrographic 

Analysis   

From the petrographic analysis of thin sections of the materials, a few interesting 

features regarding methods for quantifying a materials texture were found. Regarding 

the Bohus granite specimen S-7, the grain size of the material in this specimen was 

measured with two different methods; the one described in Hellman et al. (2011) and the 

one described in Lindström (2016). The results from these measurements coincide 

regarding their minimum and maximum grain size but differ in mean grain size, with 1.6 

mm from the method by Hellman et al. (2011), versus 0.84 mm from the method of 

Lindström (2016) (Fig. 31). This is likely a result of the different approaches of the two 

methods, were the Hellman et al. (2011) method uses traverses along the thin section and 

measures the longest axis of only the grains cutting these traverses, while the Lindström 

(2016) method measures the longest axis of all grains in the entire investigated area of 

thin section. The two methods seem to differ when it comes to measuring different grain 

sizes, where the Hellman et al (2011) method has a tendency to recognise a higher 

frequency of coarse grains (27 % of total frequency, compared to 7 % of total frequency 

for Lindström (2016) method) while the Lindström (2016) method tends to recognise a 

higher frequency of fine grains (40 % of total frequency, compared to 11 % of total 

frequency for Lindström (2016) method). An extra control of the results was done by 

measuring the resulting Image J image from the Lindström (2016) method (Fig. 30, right 

image) according to the Hellman et al. (2011) methodology. The results from this analysis 

(Fig. 60) coincide with those originally carried out on the same specimen with the 

Hellman et al. (2011) method. The explanation for the deviation in mean grain-size 

between the methods probably lies in that smaller grains get underrepresented in a 1D 

method like the one of Hellman et al (2011), compared to a 2D method like the one of 

Lindström (2016) (see Figure 61). The difference between the methods could perhaps be 

reduced if the grain size frequency was accounted for and calculated with respect to 

volume fraction of grains of certain grain-size, instead of number of grains-basis.  
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Fig.  60 Grain size distribution curves from Bohus granite specimen B-7, obtained by method 
described in Lindström (2016) (dashed line), compared with the grain size distribution results 
obtained by method described in Hellman et al. (2011) (solid line) and grain size distribution results 
obtained by method described in Hellman et al. (2011) using image from ImageJ analysis of the 
specimen (dotted line). The vertical black lines represent the limits for fine (<1 mm), medium (1-5 
mm) and coarse (>5 mm) grained material. 

 

 

Fig.  61 Illustration of how the grains size distribution results differ depending on if using a 1D 
method like the one of Hellman et al (2011) or a 2D method like the one of Lindström (2016). 

 

6.3 Setup 

The crack development during tensile test highly depends on the boundary conditions in 

the test set-up (Labuz and Biolzi 2007).With a fixed loading platens system that impose 

a uniform displacement it is possible to obtain almost symmetric crack propagation for 

a specimen with two notches, i.e. the two cracks advance simultaneously across the 

specimen until the final fracture is formed. In the case of rotating platens, a non-uniform 

crack propagation through the specimen is typically observed after initiation. Even 

though a uniform imposed displacement is aimed, the rotational stiffness of a set-up will 
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always be finite, i.e. some rotation will be present. By the use of DIC measurements is 

possible to get a better understanding of the condition at the boundaries of the specimen 

during the test. Fig. 62 shows the vertical displacement along section lines close to the 

loading platens at the upper end (Upper BC) and the lower end (Lower BC) for specimen 

B-4 with two notches (Fig. 13a) and for specimen B-51 with one notch (Fig. 18a). The 

different loading stages are shown in Figs. 14a and 19a for specimens B-4 and B-51, 

respectively.  

 

Fig.  62 Vertical displacement along section lines at the upper end (Upper BC) and lower end (Lower 
BC) at different loading stages: a) the specimen with two notches (B-4) and b) the specimen with 
one notch (B-51). 

 

The vertical displacements along the two section lines are relatively uniform in the test 

of the specimen with two notches (Fig. 62a), meaning that the rotations of the platens 

are reasonably small. The maximum difference in displacement between the platens due 

to rotation is approximately 6 µm at the peak stress (stage 2) in conjunction with the 

onset of the crack propagation at the right notch. As the kinematic constraint imposes 

initiation and growth of the crack at the left notch, the displacements along the sections 

become more uniform again (stage 4 and 6). Further, it can be seen that the mean 

displacement of respective platen is not completely symmetrical with respect to the 

centre line, i.e. the upper platen moves somewhat more upwards (positive direction) 

compared to how much the lower loading platen moves downwards (negative direction) 

at the same time. This is due to the additional deformation introduced by the load cell 

that is attached between the lower loading platen and the cross beam. The rotation of the 

platens becomes more evident for the specimen with one notch (Fig. 62b). This is related 

to the highly non-uniform crack propagation as presented in Fig. 19b. The rotation 

increases as the crack is initiated to the right and then opens and propagates toward the 

left. In this case the maximum displacement difference due to rotation is approximately 

12 µm at peak stress. The rotation decreases slightly when the second crack propagates 

from left during the later stages of the loading (stage 6 in Fig. 62b). The rotation is 

especially pronounced at the lower platen that is attached to the load cell by a centre 

screw. Thus, this suggests that both the axial stiffness of the set-up and the rotational 

stiffness of the lower platen may be improved by introducing a different load cell. By 

increasing the stiffness of the system, it may be possible to reduce the elastic stored 

energy, making it possible to follow the unstable cracking process during the descending 

branch in a more sufficient way. 
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The comparison of the deformation measurements over the notched area of the specimen 

with two notches showed smaller differences in the CMOD values obtained by the 

transducers and “virtual” extensometers evaluated from the DIC. This is directly related 

to the previous discussion about the rotation of the loading platens. The unsymmetrical 

cracking at the notches causes small differences in deformation across the section 

between the two notches, i.e. deformation gradient. Hence, the influence of this 

parameter is less in the DIC measurements, as the deformations are measured closer to 

the bottom of the notches. While the fracture develops during the descending branch, 

the deformations of the section successively become more uniform, reducing the 

difference between measurements. Hence, deformation over the notch is better 

represented by the CMOD from the DIC measurements. The test method was also 

considerably simplified as the COD transducers were excluded.  

In the specimens with two notches, it was impossible to predict at which notch the main 

crack would be initiated and accordingly where to place the microscope. By the use of 

specimens with one notch, the cracking process was captured by the DIC measurements 

on both the meso- and microscale simultaneously. Furthermore, the tests on the 

specimens with one notch showed a less brittle behaviour after peak stress, but the 

loading was still not sufficiently controlled to be able to follow the cracking process in 

detail during the descending branch of highly brittle materials. 

While the tests on specimens with two notches represent the cracking process in a crack 

zone subjected to tensile stress, the tests on specimens with one notch will rather 

represent the initiation and propagation of a crack tip. One disadvantage of the latter 

case is that the stress field, at the critical cross section of the specimen, is less well defined 

after crack initiation as the non-uniform cracking depends on the rotational response of 

the loading platens. However, the displacements at the specimen ends (determined by 

DIC, as described above) can be used as boundary condition input in detailed analysis of 

the fracture process. Hence, provided that the machine stiffness (axial and rotational) is 

secured, it is preferable to use the specimen configuration with two notches, as used in 

this study. Alternatively, a dog bone shaped specimen could be used, to study the crack 

formation in a tensile zone. As discussed, these test set-ups involve difficulties when 

studying the crack on microscale. To study the initiation and propagation of a single 

crack in detail, a small scale tensile splitting test-setup, is another alternative. 

The methodology allows the cracking process to be monitored in detail in relation to the 

texture of the rock material, both on the meso- and microscale. In general, the quality of 

DIC measurements is strongly influenced by the speckle pattern used; hence the use of 

natural speckle pattern may entail some limitations. Fig. 63 shows how the displacement 

resolution relates to the subset size for the different materials. The Bohus granite 

reported in this paper includes larger mineral grains, but the texture of the polished 

surface specimens nevertheless worked well as a pattern for the DIC measurements. The 

texture of the polished Flivik granite was relatively suitable for the DIC measurements, 

but included some larger dark areas with minor differences in greyscale, leading to 

deteriorated results in these areas. To some extent this could be amended by using larger 

subsets, although it would also reduce the spatial resolution. However, the Bårarp gneiss 

was ideal with its fine-grained texture, resulting in a well distributed grey level speckle 

pattern with good contrast, regardless of the orientation of the gneissic foliation. Hence, 

the size and step size of the subsets has to be chosen based on the material texture used 

as pattern for the DIC measurements and the desired resolution and accuracy. The 
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results from the DIC measurements can thus be improved by further development, in 

particular regarding sample preparation and lighting technique, for additional 

enhancement of the texture of the rock material. 

 

 

Fig.  63 Displacement resolution as function of the subset size for the natural speckle pattern of 
Svineryd gneiss, Bohus granite, Flivik granite and Bårarp gneiss. 

 

Regarding the AE measurements, it should be kept in mind that the obtained AE results 

depend on various parameters, such as AE sensor, pre-amplification and hit detection, 

which has to be chosen with respect to the tested material, type of AE source, test set-up, 

specimen size, etc. Consequently, these conditions should be kept as similar as possible 

in order to make quantitative comparisons of the crack activity between different tests. 

Otherwise, the AE results can be used for qualitative comparisons of the activity. In the 

first study on Bohus granite, Flivik granite and Bårarp gneiss, the analysis of the AE 

signals was limited to hits and energy, which gives an indication of crack initiation and 

crack intensity. In the second study on Svineryd gneiss the AE activity was recorded by 

four AE sensors to be able to determine the approximate location of the events by 2D-

planer localisation. There was a fairly good correlation in spatial correlation between AE 

source localization and discontinuities observed by DIC up to peak stress. However, it 

was more difficult to localize the initial AE sources with lower amplitudes that are 

expected to be related to the spatially scattered micro cracking. As discussed earlier, the 

discrepancy between AE and DIC may have several explanations, e.g. local variations in 

wave velocity due to material heterogeneity and accumulated damage, precision in signal 

separation and localization algorithm. Additionally, part of the discrepancy may be 

explained by the difference in nature of the techniques, while AE measurements are 

volumetric, DIC measurements only register what happens at the surface of the object. 

Further, if the tensile test was stopped at different load levels before the specimen 

reaches final failure, thin-section microscopy may give new insight into how different 

events in the fracture process can be identified by different signatures in the DIC and AE 

measurements. 
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7 Conclusions 
The development of a new methodology based on the combination of different 

experimental methods and measuring techniques on different levels of scales is 

presented. During direct tensile tests on sawn rock specimens, the cracking process is 

registered by means of DIC and AE. By combining DIC and AE it is possible to visualize 

crack propagation and identify different phases of the cracking process. From the DIC 

measurements at microscale, it is possible to study how the cracks are initiated at pre-

existing cracks, flaws, cleavage planes and grain boundaries. From DIC measurements 

at mesoscale, the formation of microcracks can be observed as small localised 

deformations successively appearing scattered over the specimen during the initial 

loading. As the stress level increases, the microcrack density increases, particularly in the 

vicinity of the notches. Successively the microcracks bridge with each other, forming 

macrocracks, and finally a fracture. By the DIC measurements it is possible to locate the 

cracks and also to quantify the crack opening displacement and the crack length by 

analysing discontinuities in the displacement field. This study indicates a strong 

correlation between the AE activity and the level of mechanical damage in the material. 

The initial AE activity can be related to microcracking and starts at relatively low stress 

values. At higher stress levels, a transition in the cracking process, going from mainly 

microcracking to more localized crack formation, is indicated by a more or less distinct 

change in the AE activity. This can also be related to the onset of non-linear stress-

displacement behaviour. Close to the peak stress, the total energy recorded from the AE 

activity increases rapidly, an observation likely to be linked to an intense bridging and 

crack formation. Where specimens exhibited a very sudden failure, only a small number 

of AE hits and DIC images were captured after peak stress. To ensure slow stable crack 

growth during the descending branch of highly brittle materials, the stiffness of the 

tensile stage thus needs to be enhanced. 

After the direct tensile test, the cracks and final fractures are studied in detail using 

fluorescence microscopy, linking the cracking and fracturing process to mineralogy and 

microstructure of the rocks. Hence, the methodology allows for detailed studies on how 

the cracking process in rock samples is influenced by its mineralogy as well as micro- and 

mesostructure. In this report in combination with Brander et al. (2014), the four tested 

materials were concluded to react and fracture in three different ways to the stress 

induced by the direct tensile stress test; the Hallandia (Bårarp) gneiss fracturing was 

governed by the stress field, the Flivik and Bohus fracturing by the material itself 

(mineral grains), and the Svineryd granite fracturing was governed by the texture of the 

material. 
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